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A bstract
A o r t i c  G ly c o s a m in o g ly c a n s  i n  A t h e r o s c l e r o s i s - S u s c e p t i b l e  a n d - R e s i s t a n t
P i g e o n s
A l t e r a t i o n s  i n  a o r t i c  g ly c o s a m in o g ly c a n s  (GAGs) d u r in g  a t h e r o -  
g e n e s i s  may be r e s p o n s i b l e  f o r  l i p i d  a c c u m u la t io n s  and l e s i o n  p r o g r e s s i o n .
W hite  C arneau (WC) p ig e o n s  p r o v id e d  a u n iq u e  s y s t e m  f o r  a n a l y s i s  
o f  a o r t i c  GAGs s i n c e  s p o n t a n e o u s  a t h e r o s c l e r o t i c  l e s i o n s  in  WC c l o s e l y  
r e s e m b le  t h o s e  in  human a o r t a s ,  and , i n  a d d i t i o n ,  a r e  h i g h l y  p r e d i c t a b l e  
i n  term s  o f  s i t e  s p e c i f i c i t y  and s e q u e n c e  and r a t e  o f  p a t h o g e n ic  p ro ­
g r e s s i o n .  S i n c e  ch a n g es  i n  GAGs o c c u r  as a r e s u l t  o f  a g i n g ,  a o r t a s  
from  a t h e r o s c l e r o s i s - r e s i s t a n t  Show R acer (SR) p ig e o n s  s e r v e d  as  c o n t r o l s  
f o r  t h e  a o r t a s  from  a t h e r o s c l e r o s i s - s u s c e p t i b l e  WC t o  p erm it  d i s c r i m i n ­
a t i o n  b e tw e en  c h a n g e s  due t o  normal a g in g  and t h o s e  due t o  p a t h o l o g i c a l  
in v o lv e m e n t  i n  WC.
G ly c o s a m in o g ly c a n s  from  u n in v o lv e d  t h o r a c i c  a o r t a s  and from th e  
c e l i a c  b i f u r c a t i o n ,  a s i t e  p r e d i s p o s e d  t o  l e s i o n  f o r m a t i o n ,  o f  WC 
p ig e o n s  w ere  i s o l a t e d ,  s e p a r a t e d ,  q u a n t i t a t e d  and compared w i t h  t h o s e  
from s i m i l a r  s i t e s  in  SR. The f o l l o w i n g  f o u r  a g e s  were exam in ed :  
h a t c h in g  (o n e - d a y  o l d ) ;  w ea n in g  ( s i x - w e e k s  o l d ) ;  and a g e s  c o r r e s p o n d in g  
t o  i n i t i a l  u l t r a s t r u c t u r a l  and b io c h e m ic a l  a t h e r o g e n e s i s  ( f o u r  t o  s i x  
m o n th s)  and m o d era te  a t h e r o s c l e r o s i s  ( two t o  t h r e e  y e a r s ) .
T h o r a c ic  a o r t a s  o f  b o th  b r e e d s  c o n t a i n e d  s i m i l a r  amounts and
p r o p o r t i o n s  o f  h y a lu r o n i c  a c i d  (HA), h e p a r i t i n  s u l f a t e  (H S ) ,  derm atan
s u l f a t e  (D S ) ,  c h o n d r o i t i n  4-SO  (C h 4 -S 0  ) and c h o n d r o i t i n  6 - s u l f a t e
4 4
x
(C h 6-S 0^ ) a t  c o r r e s p o n d in g  a g e s ,  and showed n e a r l y  i d e n t i c a l  p r o f i l e s
f o r  i n d i v i d u a l  and t o t a l  GAGs as a f u n c t i o n  o f  a g e .  T h o r a c ic  a o r t a s
o f  b o th  b r e e d s  c o n t a in e d  more t o t a l  GAG b u t  p r o p o r t i o n a t e l y  l e s s  HS
th a n  c e l i a c  s e g m e n ts  a t  ea c h  age ex a m in ed .
C e l i a c  s i t e s  o f  WC c o n t a i n e d  more t o t a l  GAG th an  c o r r e s p o n d in g
SR s i t e s  a t  a l l  f o u r  a g e s .  W hite Carneau a f t e r  s i x  months o f  age a l s o
showed d e c r e a s e d  HS and Ch4-SO. c o n t e n t  and Ch4SC> :C h 6 -S 0 . r a t i o s  but4 4 4
i n c r e a s e d  amounts o f  Ch6-SO^, when compared w i t h  c o r r e s p o n d in g  SR c e l i a c  
f o c i .  In  a d d i t i o n ,  WC c o n t a i n  a v a r i a n t  ty p e  o f  HS i n  p r e a t h e r o s c l e r o t i c  
and m o d e r a te ly  a t h e r o s c l e r o t i c  f o c i  w h ich  i s  n o t  fou n d  i n  t h o r a c i c  s i t e s  
o f  e i t h e r  b reed  o r  i n  SR c e l i a c  f o c i  a t  any a g e .
T hese  f i n d i n g s  a re  i n t e r p r e t e d  t o  e x p l a i n  a t h e r o s c l e r o s i s  
s u s c e p t i b i l i t y  and r e s i s t a n c e  in  p ig e o n s ;  t o  d i f f e r e n t i a t e  c h a n g e s  i n  
a o r t i c  GAG c o n t e n t  o c c u r r in g  w i t h  age  from  t h o s e  due t o  a t h e r o g e n e s i s ; 
and t o  s u g g e s t  a r o l e  f o r  GAGs i n  t h e  p a t h o g e n e s i s  o f  a t h e r o s c l e r o s i s .
INTRODUCTION
Connective t i s s u e  i s  described by Meyer (1969) as the l a rg e s t  
organ in the body, and one in which the c e l l s  are minor components r e l a ­
t iv e  t o  e x t r a c e l l u l a r  m a te r ia l s .  The e x t r a c e l l u l a r  macromolecules are 
re fe r re d  to  c o l l e c t i v e ly  as ground substance or  m atr ix ,  and supply 
mechanical support and p ro tec t ion  f o r  those c e l l s  which have e labora ted  
them. The r e a l i z a t io n  t h a t  the matr ix macromolecules (proteoglycans, 
co l lagen ,  e l a s t i n ,  r e t i c u l i n  and g lycopro te in s ) ,  in addit ion to  the  c e l l s  
which they surround, are b io lo g ic a l ly  a c t i v e ,  opened a new era  in con­
nect ive  t i s s u e  research (Mathews, 1975). This research was aimed a t  
determining the s t r u c t u r e ,  functions  and metabolism of  component matrix 
macromolecules and a t  descr ib ing  e f f e c t s  of  these p roper t ie s  on the normal 
and pathological physiology o f  connective t i s s u e .  However, with the 
exception of  glycosaminoglycans (GAGs), which c o n s t i tu te  the l a r g e s t  group 
of  proteoglycans in ground substance,  the c h a r a c t e r i s t i c s  and functions  
of most matrix components are poorly understood (Bertelsen,  1968).
Glycosaminoglycans in d i f f e r e n t  connective t i s s u e s  seem to  show 
c h a r a c t e r i s t i c  p r o f i l e s  which change q u a l i t a t i v e l y  and q u a n t i t a t i v e ly  
during d i f f e r e n t i a t i o n , aging and disease  (Wight and Ross, 1975aand 
Robinson, Likar and Likar ,  1975). Glycosaminoglycan composition may be 
a l t e r e d  by chemical,  physical o r  b iological  agents which ac t  d i r e c t ly  on 
these  macromolecules o r  i n d i r e c t l y  through changes in the metabolism of  
connective t i s s u e  c e l l s  (Vel ican, 1974). How these a l t e r a t i o n s  in e x t r a ­
c e l l u l a r  GAGS in turn  a f f e c t  the metabolic cap ac i t i e s  fo r  growth, r ep a i r  
and remodeling o f  connective t i s s u e  c e l l s  remains unclear .
l
2Although the s t ru c tu r e  and metabolism of GAG's have been described,  
t h e i r  content ,  physiochemical p ro p e r t i e s ,  and functions  in connective 
t i s s u e  during aging and d i f f e r e n t i a t i o n  are not as well understood. This 
i s  p a r t i c u l a r l y  t ru e  in the case of  vascular  t i s s u e  because i t  i s  d i s ­
t i n c t l y  s t r a t i f i e d ,  accumulates considerable  amounts o f  foreign substances 
(B er te lsen ,  1968), and undergoes a th e ro sc le ro t i c  degeneration during aging 
(Meyer, 1969). Since physical and chemical changes tak ing  place in a o r t i c  
matrix GAGs are bel ieved to  promote a therogenesis  (Mathews, 1975), a 
b e t t e r  understanding o f  t h e i r  p ro p e r t i e s ,  functions  and p r o f i l e s  becomes 
e s s e n t i a l .
The s t r u c t u r e ,  metabolism and many of  the t e n t a t i v e  funct ions 
assigned to  connective t i s s u e  GAGs in general a lso  describe a o r t i c  GAGs.
Aortic GAGs, however, possess some p rope r t ie s  and funct ions which are 
p e c u l ia r  to vascular  t i s s u e ,  and which are a r e f l e c t io n  of the types and 
amounts of  matrix GAGs present  in the aor ta  a t  any given time.
The S truc ture  and Metabolism of  Connective Tissue Glycosaminoglycans
Eight connective t i s s u e  GAGs have been id e n t i f i e d  as follows: 
hyaluronic  acid (HA), chondroi tin  4 - s u l f a t e ,  (Ch4 -S04) ,  chondroit in 6- su l fa te  
(Ch6 -S04) ,  dermatan s u l f a te  (DS), hepar i t in  s u l f a t e  (HS), hepar in ,  chon­
d r o i t i n ,  and k e ra to -su l fa te  (KS). Only f ive  of these (HA, Ch4-S04 t Ch6-S04 ,
DS and HS) are found in a o r t i c  t i s s u e .  As the s t ru c tu re s  of  these compounds
were e s ta b l i sh e d ,  t h e i r  nomenclature was revised (Jeanloz ,  1960); both the 
old and new names fo r  the  GAG's are presented in Table I .
Each GAG cons is t s  of long, unbranched chains composed of  dissacchar ide
T a b le  1 .  N om en c la tu re  o f  th e  G ly c o s a m in o g ly c a n s .
Old Names:
M u co p o ly sa c c h a r id e  
C h on drom ucoprote in  
H y a lu r o n ic  A c id  
C h o n d r o i t in  S u l f a t e  A 
C h o n d r o i t in  S u l f a t e  B 
C h o n d r o i t in  S u l f a t e  C 
Heparan S u l f a t e  
C h o n d r o i t in  
K e r a t o s u l f a t e
New Names:
G ly c o s a m in o g ly c a n  
P r o t e o g l y c a n  
H y a lu r o n ic  A c id  
C h o n d r o i t in  4 - S u l f a t e  
Derm atan S u l f a t e  
C h o n d r o i t in  6 - S u l f a t e  
H e p a r i t i n  S u l f a t e  
C h o n d r o i t in  
K era ta n  S u l f a t e
4repeat ing  u n i t s  in which one monosaccharide i s  invar iab ly  a hexosamine 
and the o the r  i s  a hexuronic ac id .  All except HA and Chondroitin are 
s u l f a t e d ,  and a l l  are highly charged polyanions due to  the presence of 
s u l f a t e  o r  carboxyl groups or  both (Muir, 1969). The s t ru c tu re s  of the 
d isaccharide  repeat ing  un i ts  of  the  f ive  a o r t i c  GAGs are i l l u s t r a t e d  in 
f igure  I (Muir, 1969), and t h e i r  co ns t i tuen ts  in Table 2.
Extensive in  ^ vivo and in  ^ v i t r o  s tud ies  showed t h a t  GAGs of  con­
nect ive  t i s s u e  are synthesized lo c a l ly  by connective t i s s u e  c e l l s  and are 
extruded from them (Muir, 1964 and Wight and Ross, 1975a). With the 
probable exception of  HA, none of  the GAGs occur as f ree  polysaccharide 
chains ,  but are a t tached to  pro te in  cores by spe c i f ic  covalent  l inkages 
(Meyer,1969). Velican (1971) suggested t h a t  the e labora t ion  or a v a i l a ­
b i l i t y  of  these pro te in  cores con tro ls  the r a te  of GAG biosynthes is .
The b iosynthesis  of  GAGs involves the  p a r t i c ip a t io n  of s ix  
d i f f e r e n t  glycosyl t ran s fe ra se s  (Roden, 1970). These t r a n s f e ra s e s  c a t a ­
lyze the sequentia l  t r a n s f e r  of  individual  monosaccharide components to  
the  growing carbohydrate chain. Heath (1971) suggested t h a t  the o rgan i­
zat ion and s p e c i f i c i t y  of  these  individual  glycosyl t r a n s fe ra se s  are 
responsible  f o r  the  d i f f e r e n t  carbohydrate cons t i tuen ts  which occur in 
individual  GAGs. Uridine diphosphate (UDP) nucleotide sugars provide the 
monosaccharide in termediates  fo r  the t r a n s f e ra s e  reac t ions  t h a t  build  up 
the carbohydrate chains and a lso  f o r  the enzymes convert ing common hexose 
precursors  to  the hexuronic acids  and N-acetyl hexosamines required fo r  
syn thes is  (Muir, 1969). The i n i t i a l  s tep in GAG assembly i s  the t r a n s f e r  
of  UDP-xylose to  the hydroxyl group of  a se r ine  residue in the core 
p ro te in .  Next, two UDP-galactose u n i t s  are l inked to  the xy losy l-pro te in
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F ig u r e  1 .
R e p e a t in g  D i s a c c h a r id e  U n it s  o f  th e  A o r t i c  G l y c o s a m in o g ly c a n s .
6T a b le  2 .  C o n s t i t u e n t  D i s a c c h a r id e  R e p e a t in g  U n i t s  o f  th e  A o r t i c  
G l y c o s a m in o g ly c a n s .
H y a lu r o n ic  A c i d :
D-Glucuronic acid^/3 (l-> 3 )  N-acetyl-D-Glucosamine /3 (1-M).
( l - >  4 ) - 0 - /t f -D -G lu c o p y r a n o s y lu r o n ic  a c i d - ( l - » 3 ) - 2 - a c e t a m i d o - 2 - d e o x y - , $  -  
D - G lu c o p y r a n o s e .
H e p a r i t i n  S u l f a t e :
D -G lu c u r o n ic  a c i d ( 1 - ^ 4 )  N - a c e t y l - D - G l u c o s a m i n e -6 - s u l f a t e o £ ( 1 —>4).
(1 - *  4 ) -0 -c ( , -D - G lu c o p y r a n o s y lu r o n ic  a c i d -  (1 -*  4 ) - 2 - a c e t a m i d o - 2 - d e o x y - 6 - 0 -  
s u l fo -« t -D -G lu c o p y r  a n o s e .
C h o n d r o i t in  4 - S u l f a t e :
D -G lu c u r o n ic  aZTd/jTT—>3) N - a c e t y l - D - G a l a c t o s a m i n e - 4 - s u l f a t e /3  ( 1 —* 4 ) .
( l - * 4 ) - 0 - / 3 - D - G l u c o p y r  a n o s y lu r o n i c  a c i d - ( l - * 3 ) - 2 - a c e t a m i d o - 2 - d e o x y - 4 - 0 -  
s u l f o - /3 ~ D - G a la c t o p y r a n o s e .
C h o n d r o i t in  6 - S u l f a t e :
D -G lu c u r o n ic  a c i d ^ ( l - > 3 )  N - a c e t y l - D - G a la c t o s a m in e  6- s u l f ate/3 ( l - * 4 ) .
( l - > 4 ) - 0 - $ - D - G l u c o p y r a n o s y l u r o n i c  a c i d - G - ^ 3  ) - 2 - a c e t a m id o - 2 - d e o x y - 6 - 0 -  
s u l f o - y 5 - D - G a la c t o p y r a n o s e .
Dermatan S u l f a t e :
L - I d u r o n ic  a c i d « ^ ( l - ) 3 )  N - a c e t y l - D - G a la c t o s a m in e  4 - s u l f a t e ^  (1 —* 4 ) .
( 1 -* 4 J - O - c ^ - I d o p y r a n o s y lu r o n ic  a c i d - ( l - > 3 ) - 2 - a c e t a m i d o - 2 - d e o x y - 4 - 0 - s u l f o -  
^ - D - G a l a c t o p y r a n o s e .
7core to  complete the  linkage region. Alterna t ing  un i t s  of  UDP-hexuronic 
acid and UDP-hexosamine are then added to  the nonreducing end o f  the 
nascent polysaccharide chain (Fransson, 1970). Su l fa te  i s  added d i r e c t ly  
to  the assembled polysacchar ide and not to the precursor  monosaccharide 
u n i t s .  Some s u l f a t io n  i s  bel ieved to  occur p r io r  to  completion of  mature 
proteoglycan chains ,  however (Kimata, Okayama and Suzuki , 1971). Muir 
(1969) suggested t h a t  more than one enzyme may ca ta lyze  the t r a n s f e r  of 
s u l f a t e  from the ac t ive  in te rm ed ia te ,  3-phosphoadenosyl-5-phosphosulfate 
(PAPS) to  the d i f f e r e n t  GAGs.
Each phase o f  GAG biosynthes is  occurs in a sp e c i f i c  su b ce l lu la r  
loca t ion :  prote in  core formation and carbohydrate chain i n i t i a t i o n  in
the rough endoplasmic reticulum; polysaccharide chain elongation by mono­
sacchar ide addi t ion  in the smooth endoplasmic ret iculum; and, su l f a t io n  
and packaging fo r  excre t ion  in the golgi apparatus (Horowitz and Dorfman, 
1968 and Godman and P o r te r ,  1960).
Once GAGs are e labora ted  and excreted by the connective t i s s u e  
ce l l  they do not  remain s t a t i c ,  but r a th e r  undergo tu rnover  which is  
probably con t ro l led  by hormonal, metabolic,  and o the r  agents capable of  
s t im ula t ing  degradation (Hermelin e t  a l . ,  1974 and Velican, 1974). Since 
GAGs are  normally covalent ly  bound to  p ro te in ,  degradation a f f e c t s  both 
the carbohydrate and pro te in  por tions  o f  these  macromolecules. Breakdown 
of  the GAG chain requ ires  lysosomal enzymes o f  g rea t  s p e c i f i c i t y .  Presum­
ab ly ,  e x t r a c e l l u l a r  GAG destined f o r  d igest ion  i s  ingested by p inocy tos is ,  
gains e n t ry  in to  the  lysosomes and i s  even tua l ly  degraded (Neufeld and 
Cantz, 1973). Following removal of  s u l f a t e ,  hydrolases depolymerize poly­
sacchar ide chains in to  o l i g o s a c c h a r i d e  u n i t s .  Glycosaminidases and
8glucuronidases fu r th e r  degrade these  un i ts  in to  c o n s t i t u t i v e  monosaccharide 
components (Neufeld and F ra ton ton i , 1970 and Velican, 1974). Enzymes 
which degrade GAGs are a lso  p re sen t  in the cytosol and may be p resen t  in 
the  p e r i c e l l u l a r  space in associa t ion  with the plasma membrane o r  in the 
blood plasma which perfuses the e x t r a c e l l u l a r  space (Velican, 1971;
Velican, 1974 and Patel and Tappel, 1971).
Molecular weights ranging between 7.0 x 10^ and 1.2 x 10? are r e ­
ported f o r  GAG proteoglycans (Velican, 1971 and Vel ican,  1974). This 
wide range of  molecular weight i s  the r e s u l t  o f  extensive  v a r ia t io n s  in 
carbohydrate content ,  ex ten t  and s i t e  of  s u l f a t i o n ,  carbohydrate chain 
length and degree and d i s t r i b u t io n  of  glycan chain attachment to  the 
prote in  core (Linker and Hovingh, 1975; Bhavanandan and Davidson, 1975 
and Velican, 1971).
The c h a r a c t e r i s t i c s  o f  a p a r t i c u l a r  GAG also  vary considerably 
with species  and t i s s u e  o f  o r ig in  (Bhavanandan and Davidson, 1975 and 
Velican, 1971). This type of  heterogeneity  i s  p a r t i c u l a r l y  common fo r  
HS, which i s  not  a s ing le  polymeric species  but r a t h e r ,  a family o f  
c lo se ly  r e la t e d  compounds (Linker and Hovingh, 1975). Hepar i tin  s u l f a t e  
composition i s  more complex than t h a t  o f  most o the r  GAGs since i t  can 
contain N-acetyl glucosamine, glucosamine N -su l fa te ,  glucosamine N, 0- 
d i s u l f a t e ,  D-Glucuronic a c id ,  L-iduronic acid and N-acetyl glucosamine 
0- s u l f a t e  in d i f f e r e n t  d isaccharide repeat ing uni ts  depending upon the 
b iological  source from which i t  i s  obtained (Hovingh and Linker ,  1974; 
Linker and Hovingh, 1973 and Taylor e t  a l . ,  1973). Human umbilical cord 
and human aor ta  HS f o r  example have low to ta l  s u l f a t e  and l i t t l e  N-su lfa te  
but contain many glucuronic acid-N-acetyl glucosamine d isacchar ides .
9In c o n t r a s t ,  beef lung HS contains  L-iduronic acid in addi t ion  to  D- 
glucuronic ac id ,  glucosamine N -su l f a te ,a s  well as glucosamine 0 - su l f a t e ,  
and contains more t o t a l  s u l f a t e  than human umbilical or  ao r ta  HS (C ifone l l i  
and King, 1970 and Taylor e t  a l . ,  1973). In a d d i t io n ,  some GAGs e x i s t  as 
hybrid macromolecules, which are a c tu a l ly  copolymers o f  more than one GAG 
type.  For example, Malmstrom e t  a l . (1975) have i d e n t i f i e d  DS - Ch6-S04 - 
Ch4-S04 hybr ids.  Unlike p ro te in s ,  GAGs are not t ransc r ibed  from a code, 
and , thus ,  ex h ib i t  a grea t  degree o f  s t r u c tu r a l  va r ia t ion  (Meyer, 1969). 
S t ruc tu ra l  v a r ia t io n s  in turn permit a wide range of  functional f l e x i ­
b i l i t y  fo r  the GAGs.
Like p ro te ins  GAGs posses d i s t i n c t i v e  secondary and quaternary 
s t r u c t u r e s .  Crys ta l l ine  HA e x i s t s  as a double hel ix  co n s is t in g  of  two 
i d e n t i c a l , arttiparal l e i , le f t-handed s t rands  (A m o tt ,  Guss and Hukins,
1973 and Kirkwood, 1974). Some cross l ink ing  was suggested to  s t a b i l i z e  
these  he l ices  (Mathews, 1975). Crys ta l l ine  Ch6 -S04 e x i s t s  in th re e - fo ld  
or  e ig h t - fo ld  he l ica l  molecules packed p a r a l l e l  to  one ano ther ,  possib ly  
s t a b i l i z e d  by c a t io n ic  bridges between proteoglycan s trands  (Amott  e t  
a l . ,  1973 and Kirkwood, 1974). While i t  i s  tempting to  suggest t h a t  these 
secondary s t ru c tu re s  amplify d i f fe rences  in the primary s t r u c tu r e s  o f  HA 
and Ch6-S04 , Mathews (1975) pointed out t h a t  i t  i s  erroneous to assume 
th a t  the conformations of  GAGs in t i s s u e s  are id en t ica l  t o  those in 
so lu t ion  o r  in the s o l id  s t a t e s  which were examined by most in v e s t ig a to r s .  
Quaternary s t ru c tu re  i s  displayed by some connective t i s s u e  GAGs, such
as keratan s u l f a t e  and chondroitin  s u l f a t e  proteoglycan monomers which 
are found at tached to  a filamentous backbone of  HA a t  r egu la r  i n t e r v a l s .
The proteoglycans are apparently  noncovalently bound by " l ink  pro te ins"
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t o  the HA backbone (Heinegard and H asca l l ,  1974 and Rosenberg, Heilman 
and Kleinschmidt,  1975).
P roper t ies  and Functions o f  Connective Tissue Glycosaminoglycans
The f l e x ib le  chain s t r u c t u r e ,  large molecular domains and large 
numbers o f  c lo se ly  ad jo in ing ,  f ixed anionic  groups which GAGs possess 
endow them with d i s t i n c t i v e  physiochemical p ro p e r t i e s .  Tentative 
functions  are assigned to connective t i s s u e  GAGs based on these p ro p e r t i e s  
and include roles  in c e l l u l a r  phenomenon, d i f f e r e n t i a t i o n  and organogenesis.
C e l lu la r  Phenomena
Due to  t h e i r  anionic nature  GAGs may control  the c a t io n ic  en v i ­
ronment of  c e l l s  and f a c i l i t a t e  c e l l  a s soc ia t ion  by forming Ca++ bridges  
between adjacent negat ive ly  charged surface  s i t e s  (Bhavanandan and 
Davidson, 1975). Glycosaminoglycans may possess an t igen ic  o r  a u to a n t i -  
genic p roper t ie s  and could be implicated in the pathogenesis of  connective 
t i s s u e  d iseases  such as rheumatoid a r t h r i t i s  and a the rosc le roses  (Robinson 
e t  a l . ,  1975). Contact in h ib i t io n  and ce l l  d iv is ion  depend upon the 
physical s t a t e  and degree of polymerization o f  matrix GAGs. Robinson e t  
a l . (1975) suggested tha t  the r e s t in g  c e l l  i s  f irmly  embedded in a viscous 
gel of  polymerized GAGs, while the  d iv id ing  c e l l  i s  surrounded by a l iq u id  
zone of  p a r t i a l l y  depolymerized GAGs.
D if fe ren t ia t ion  and Organogenesis
In te ra c t io n s  between neighboring t i s s u e s  in the developing embryo 
th a t  lead to  d i f f e r e n t i a t i o n  and organogenesis may depend upon GAGs
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associa ted  with ce l l  surfaces  and t i s s u e  in t e r f a c e s .  The "ex t ra ce l lu la r  
matrix hypothesis" (Hay and Meier, 1974) p red ic ts  t h a t  GAGs and collagen 
i n t e r a c t  with the ce l l  surface  to promote or i n h i b i t  spe c i f i c  metabolic 
pathways which lead to  morphogenesis and ce l l  d i f f e r e n t i a t i o n .  Sal ivary  
morphogenesis,  fo r  example, i s  dependent upon e p i th e l i a l  ce l l  surface  
GAGs which promote c l e f t  formation by i n i t i a t i n g  collagen f ibrogenes is  
(Bernf ie ld ,  Banerjee and Cohn, 1972). Corneal morphogenesis and neural 
fo ld  invaginat ion are  t r ig g e red ,  in p a r t ,  by GAGs present  in the matr ix. 
Acting with o the r  matrix components, GAGs may a lso  enable embryonic 
t i s s u e s  to  control the shape and d i f f e r e n t i a t i o n  of adjacent  t i s su e s  
(Hay, 1973).
The Individual Glycosaminoglycans
Along with the general functions  a t t r i b u t e d  to GAGs, some t e n t a ­
t i v e  funct ions  are  assigned to  individual GAGs.
Hyaluronic Acid. Hyaluronic Acid is  e sp ec ia l ly  abundant in ea r ly  
s tages  of  developing,  regenera t ing ,  remodeling and healing t i s s u e s  (Toole, 
1973 and Muir, 1964), but the HA content of a l l  connective t i s s u e  seems to 
decrease during the course of maturation and aging (Meyer, 1969). Hyaluronic 
acid i s  a s soc ia ted  with high water content and presumably maintains turgor  
in t i s s u e ,  acting as a "shock absorber" due to  i t s  high v i s c o e l a s t i c i t y  
(Muir, 1964). Encapsulation of  c e l l s  in a matrix r ich  in HA prevents the 
c e l l u l a r  in t e ra c t io n s  necessary fo r  the onset  of  d i f f e r e n t i a t i o n ,  but
permits p r o l i f e r a t i o n  and migrat ion (Toole, 1973).
Hepar i t in  S u l f a t e . Hepar i t in  s u l f a t e  i s  made by a l l  connective
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t i s s u e  ce l l  types ,  and, unl ike  o ther  GAG spec ies ,  HS la rge ly  remains 
associa ted  with the surface of the plasma membrane (Conrad and Har t,
1975 and Kraemer, 1971). Cell surface  HS may funct ion as a s u p e r f ic ia l  
s to re  of Ca++ ions fo r  mammalian c e l l s  or serve as a nonspecific  "screen" 
between ce l l  surface  s i t e s  and immediate ce l l  environment (Buonassisi  and 
Root, 1975 and Kraemer and Smith, 1974). Unlike hepar in ,  to which i t  is  
c lo se ly  re la te d  in s t r u c t u r e ,  HS is  not a strong an t icoagulant  (Muir,
1964 and Muir, 1969). Hepari t in  s u l f a t e  does, however, a c t i v a t e  l i p o ­
pro te in  l i p a s e .  The removal or s u b s t i tu t io n  of N-acetyl groups in HS by 
N-SO4 groups increases  both i t s  an t icoagulant  and l ip op ro te in  l ip ase  
ac t iv a t in g  e f f e c t s  (Grossman and C i f o n e l l i ,  1962). Kraemer and Tobey 
(1972) reported t h a t  a s p e c i f i c  loss  of  surface HS occurs j u s t  p r io r  to 
m i to s i s .  This f inding r a i s e s  the p o s s i b i l i t y  t h a t  f lu c tu a t in g  q u a n t i t i e s  
of HS play a ro le  in c e l l  d iv i s io n ,  perhaps by regula t ing  the c e l l  cycle .  
Recent repor ts  by Satoh e t  a l .  (1973 and 1974) show th a t  v i ra l  t r a n s f o r ­
mation of c e l l s  in cu l tu re  produces changes in the amounts and p roper t ie s  
of  HS present .
Dermatan S u l f a t e . I t  i s  suggested th a t  the prime function of DS 
is  to  aid in the  e x t r a c e l l u l a r  formation and organizat ion of  collagen 
f i b r i l s  (Obrink, 1973). DS possesses a s t r ik in g  capaci ty  to  p r e c i p i t a t e  
soluble  tropocollagen macromolecules in to  f i b r i l l a r  s t ru c tu r e s  a t  physio l­
ogical pH and ionic s t r e n g th ,  and DS i s  found in a s soc ia t ion  with coarse 
collagen f i b r i l s  in vivo (Velican, 1974). Dermatan s u l f a t e  also exe r t s  a 
high a f f i n i t y  fo r  Ca++ ions and exh ib i t s  an t icoagu lan t ,  antithrombogenic 
and l i p i d  c lea r ing  c a p a c i t i e s  (Velican, 1971 and Dorfman, 1963).
Chordroitin 4 -Su lfa te  and Chondroitin 6-S u lfa te .  Chondroitin
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4 - s u l f a t e  has more an t icoagulant  a c t i v i t y  than Ch 6-SO4 (Dorfman, 1963 
and Morrison and Enrich, 1973) but both the chondroit in  s u l f a t e s  (CSs) 
a c t  as in h ib i to r s  of  / 3-g lucuronidase and hyaluronidase by sequester ing 
the  polyca t ionic  a c t iv a to r s  of  these  enzymes (Velican,  1971). Muir (1969) 
reported t h a t  the  CSs are  found e x t r a c e l lu l a r ly  in a ssoc ia t ion  with f in e  
collagen f i b r i l s  and th a t  the geometry and in ter-group d is tances  of  the 
anionic  s i t e s  on the CS chains are  the determinants of  CS-collagen arrange­
ments.
Proper t ies  and Functions of  Aortic Glycosaminoglycans
The i n t e r e s t  of  in v e s t ig a to r s  in the p ro p e r t i e s ,  functions  and 
d i s t r i b u t i o n  of GAGs in the a r t e r i a l  wall i s  based on the knowledge th a t  
the GAGs a c t iv e ly  p a r t i c ip a t e  in metabolic processes taking place in the 
vessel wall (Nanov, Skocheva and Georgieva, 1974). Lipid deposit ion is  
hypothesized to be an in d i c a to r ,  not an i n i t i a t o r ,  o f  pathological changes 
in blood vessel wal ls  r e su l t in g  from q u an t i t a t iv e  and q u a l i t a t i v e  changes 
in vascu lar  GAGs (Gero e t  a l . ,  1962 and Robinson e t  a l . ,  1975). The 
a r t e r i a l  wall i s  not j u s t  an i n e r t  tube with blood components moving in 
and ou t ,  but r a t h e r ,  a complex organ reac t ing  as a whole to i n ju r i e s  and 
d isplaying i t s  own s t r u c t u r a l ,  functional  and metabolic c h a r a c t e r i s t i c s  
(Velican,  1971). A r te r ie s  a re  ab le  to  synthesize and degrade var ious 
types of macromolecules, u t i l i z e  oxygen and n u t r i e n t s ,  regu la te  l i p id  
t r a n sp o r t  and exer t  mechanical and v i s c o - e l a s t i c  p ro p e r t i e s .  Based upon 
t h e i r  morphologial l o c a l i z a t i o n  and biological  a c t i v i t i e s ,  GAGs are  
assigned spe c i f i c  ro les  in the a o r t i c  funct ions of matrix i n t e g r i t y ,  
permeabi l ity ,  blood coagula t ion ,  ion exchange, l i p i d  c l e a r in g ,  enzyme
14
a c t i v i t y  and complex formation with l ipop ro te in s  and f ibr inogen (Robinson 
e t  a l . ,  1975 and Gero, Bihari-Varga and Vi rag ,  1973).
Matrix I n t e g r i t y . Wight and Ross (1975b) showed t h a t  GAGs hold 
adjacent  collagen f i b r i l s  in r e g i s t e r  by forming "bridges" a t  the major 
per iod bands. GAGs a lso  hold e l a s t i c  f ib e r s  toge the r  and interconnect  
e l a s t i c  f ib e r s  with collagen f i b r i l s .  Mathevc (1975) suggested th a t  GAGs 
i n i t i a t e  and control growth in diameter  of  individual  collagen f i b r i l s  
and collagen aggregates by reve rs ib le  e l e c t r o s t a t i c  and covalent bonding 
to the surface and i n t e r i o r  space of  collagen f i b r i l s .  Thus, a o r t i c  GAGs 
appear to  cement to g e th e r  the d i f f e r e n t  co n s t i tu e n ts  which comprise 
vascular  ground substance.
Morrison and Schjeide (1974) suggested th a t  c i r c u l a t io n ,  permea­
b i l i t y ,  blood coagula t ion ,  disposal  of  accumulated plaque m ater ia ls  and 
o the r  v i t a l  physiological  processes in the  a r t e r i a l  wall are p a r t i a l l y  
c on t ro l led  by GAGs. The CSs do influence the  a c t i v i t y  o f  ce r ta in  enzymes 
such as elastomucase,  and may inf luence the r a te  a t  which ce r ta in  enzymes 
are synthesized by ac t ing  as s igna l ing  agents fo r  messenger RNA syn thes is .  
This idea i s  a c tu a l ly  very s im i la r  t o  the " e x t r a c e l l u la r  matrix hypothesis" 
described by Hay and Meier (1974). Chondroitin 4-SO4 was proposed to 
influence the metabolic a c t i v i t i e s  o f  a r t e r i a l  c e l l s ,  provoking these 
c e l l s  t o  " re c o n s t i tu te  the unsound i n t e r c e l l u l a r  matrix" present  in the 
a th e r o s c l e r s t i c  vessel (Morrison and Schje ide ,  1974). These authors 
suggested th a t  optimal l ev e l s  of  Ch 4 -SO4 promote l i p i d  c lea r ing  while low 
leve ls  promote l i p i d  accumulation within a r t e r i a l  c e l l s .
Permeabi l i ty . In the  blood vessel w a l l ,  GAGs form a continuous, 
3-dimensional network o f  entangled glycan chains which ex e r t  permeabil ity
15
phenomena ca l led  molecular s ieving and excluded volume e f f e c t  (Mathews,
1975 and Iv e r iu s ,  1973). These fea tu res  become qu i te  s ig n i f i c a n t  since 
Velican (1973) described the n u t r i t i o n  of  the ao r ta  ( i l l u s t r a t e d  in 
Figure 2) as a "one way s t r e e t " .  Under normal cond i t ions ,  plasma 
components pass through the endothe l ia l  layer  o f  the a o r t a ,  through the 
intimal and red ia l  matrix and are propel led  in to  the draining ad v e n t i t i a l  
lymphatics. Some plasma components are consumed by intimal and medial 
smooth muscle c e l l s ,  while o thers  are deposited or  accumulate within the 
matrix.  This "one way s t r e e t "  concept of  a o r t i c  n u t r i t i o n  has important 
implicat ions  in the pathogenesis o f  a th e r o s c l e r o s i s ,  s ince  matrix GAGs 
exe r t  a molecular se iv ing e f f e c t  upon plasma components which f i l t e r  
through the blood vessel wall (Velican, 1974; Iv e r iu s ,  1973 and Klynstra,  
1974). Retention and concentrat ion of  plasma l ip o p ro te in s  within the 
matrix, f o r  example, depend upon the physical c h a r a c t e r i s t i c s  o f  the 
p a r t i c u l a r  l ipopro te in  in ques t ion ,  as well as on the type and concentra­
tion of  matrix GAGs. Chondroitin 6 -SO4 was c a l le d  a "GAG par excel lence" 
fo r  regu la t ing  d i f fus ion  in blood vesse ls  s ince  permeabi l i ty  decreases 
as the a o r t i c  content  of  Ch6-S04 increases  (Bottcher  and Klynstra ,  1965 
and Klynstra,  1974).
When GAGs o r  GAG aggregates  are o f  s u f f i c i e n t  molecular weight,  
( > 1C)6) they  exe r t  an excluded volume e f f e c t  within blood vessels  (Velican, 
1974). Hyaluronic acid i s  the l a r g e s t  o f  the GAGs and i s  most e f f e c t iv e  
a t  both excluding large plasma macromolecules and r e s t r i c t i n g  t h e i r  t r a n s ­
port through the blood vessel  wal l .
Iver ius  (1973) extended his  th eo r ie s  o f  s t e r i c  exclusion and molec­
u la r  s ieving to  explain the accumulation of  l i p i d s  derived from plasma




F ig u r e  2 .  C r o s s  S e c t i o n  o f  an a o r t a .  The lumen th ro u g h  w h ich  th e  
b lo o d  f l o w s  i s  l i n e d  by a s i n g l e  l a y e r  o f  e n d o t h e l i a l  c e l l s .  The 
i n t i m a l  l a y e r  i s  r e l a t i v e l y  t h i n  and e l a s t i c  in  n a t u r e .  The m e d ia l  
l a y e r  i s  com posed o f  sm ooth  m u sc le  c e l l s , f i b r o b l a s t s  and m a tr ix  
com ponents  i n  a l t e r n a t i n g  l a y e r s  and i s  t h e  t h i c k e s t  l a y e r .  The 
a d v e n t i a l  l a y e r  i s  an o u t e r  f i b r o u s  c o a t  o f  c o n n e c t i v e  t i s s u e  c e l l s  
and m a t r i x .  S m a l l  b lo o d  v e s s e l s ,  th e  v a s a  vasorum , a r e  p r e s e n t  i n  
t h i s  l a y e r .  They p e n e t r a t e  o n ly  i n t o  t h e  o u te r m o s t  p o r t i o n  o f  th e  
m ed ia .
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l ipopro te ins  during the  genesis of  the a th e r o s c le r o t i c  plaque. When 
plasma i s  f i l t e r e d  in to  the a r t e r i a l  wall a l l  l i p o p ro te in s ,  with the 
exception of  the large chylomicra, e n te r  the i n t e r c e l l u l a r  matrix of  the 
int ima.  The molecular siev ing e f f e c t  exer ted  by the GAGs r e s u l t s  in the 
concentrat ion of  the plasma high dens i ty  (HDL), low dens i ty  (LDL) and, 
in p a r t i c u l a r ,  the large very low densi ty  ( VLDL) l ip o p ro te in s  within the 
intima.
While VLDL are re ta ined  within the blood vessel wall pr imar i ly  by 
molecular s iev ing ,  addi t ional  f a c to r s  may contr ibu te  to  t h e i r  deposit ion 
and accumulation. Some plasma glycans increase  the v i s c o s i ty  o r  swell ing 
o f  LDL hydrocarbon regions.  This swel ling con tr ibu tes  to  decreased c a ta ­
bolism and an increase in molecular s iev ing  and s t e r i c  exclusion e f f e c t s  
on the LDL within the a r t e r i a l  wall (Nakashima e t  a l . ,  1975). With the 
exception of  Ch4 -S04 , which prevents  conformational modif icat ion of  LDL, 
a l l  plasma GAG species  are capable of swelling c i r c u l a t in g  plasma LDL. 
Whether there  i s  a d i r e c t  r e l a t io n sh ip  between a r t e r i a l  wall Ch4 -S04 
content and plasma "pro tec t ive"  Ch4 -S04 content was no t  examined.
Blood Coagulation. Gore and Larkey (1960) have shown ant icoagulant  
a c t i v i t y  in DS f rac t io n s  o f  GAG e x t r a c t s  of  human a o r t a s .  I f  DS prevents 
coagulat ion,  then focal deplet ion of  DS could explain the formation of 
thromboses in la te  a r t e r i a l  l e s io n s .  Chondroitin 4-SO4 e x t r a c t s  of  
animal and vascular  t i s s u e  possess more antithrombogenic a c t i v i t y  than 
Ch6-S04 e x t r a c t s  (Morrison and Enrick, 1973 and Morrison and Schje ide ,  
1974). In co n t ra s t  to  the antithrombogenic e f f e c t  o f  hepar in ,  which i s  
immediate and s h o r t - l iv e d ,  the antithrombogenic e f f e c t  o f  Ch4 -S04 has a 
lag time of  several hours and i s  much longer l a s t i n g .  Since adsorption
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of  polyanionic Ch4-S04 to  blood vessel w a l l s ,  blood c e l l s ,  and p l a t e l e t s  
i s  believed responsible  fo r  preventing thronbus formation, low a r t e r i a l  
wall Ch4-S04 could produce atherogenic  e f f e c t s  in animals and in man 
(Morrison and Schjeide,  1974), and these  e f f e c t s  may be a t t r i b u t e d  to  
the antithrombogenic p roper t ie s  o f  CI14-SO4 as well as to i t s  p ro te c t iv e ,  
"ant iswel l ing"  e f f e c t s  on LDL conformations as proposed by Nakashima e t  
a l .  (1975).
Ion Exchange. Iver ius  (1973) showed th a t  the nega t ive ly  charged 
carboxyl and s u l f a t e  groups in GAGs act  as ion exchangers.  The GAGs are 
capable of  rev e rs ib ly  binding counter ions such as Ca++ (Muir, 1964) and 
may r e s t r i c t  the passage of  anions,  such as l a c t a t e ,  through the blood 
vessel wal l .  Robinson e t  a l . (1975) suggested t h a t  ce l l  surface HS com­
ponents s e l e c t iv e ly  regu la te  uptake of  ca t io n ic  macromolecules by a o r t i c  
smooth muscle c e l l s .  Pollack (1974) proposed th a t  a o r t i c  polyanions may 
promote transmembrane t r a n sp o r t  o f  l i p id s  by changing the m ice l la r  arrange­
ment of  the l i p i d s ,  by a l t e r in g  plasma membrane permeabi l i ty  o r  both.
Lipid Clear ing. Because of  t h e i r  influence on the l i p o l y t i c  ac­
t i v i t y  of  blood vessel w al ls ,  some a o r t i c  GAGs are implicated in deposi­
t ion o f  l i p i d  which occurs during a therogenesis .  Confl ic t ing reports  
concerning GAG e f f e c t s  on l ipopro te in  l ipase  a c t i v i t y  show a c t iva t ion  by 
DS (Gore and Larky, 1960), HS (Grossman, Cifonel l i  and Ozoa, 1971) and 
su l f a te d  GAGs in general (Wagh e t  a l . ,  1973) or  i n h ib i t io n  by DS and the
CSs (Robinson e t  a l . ,  1975). I f  c e r ta in  GAGs aid in c lea r ing  and t r a n s ­
por t ing  l i p i d  in the a r t e r i a l  w a l l ,  then l i p i d  accumulation could r e s u l t
in a r t e r i e s  with i n s u f f i c i e n t  q u a n t i t i e s  of these  GAGs.
Enz.yme A c t iv i t y . Glycosaminoglycans may a c t iv a te  o r  i n h i b i t  var ious
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enzymes by in t e r a c t io n s  between t h e i r  a c id ic  groups and the  basic groups 
of the prote in  molecule.  These e f f e c t s  depend on the i s o e l e c t r i c  point 
and basic amino acid  content  of  the p a r t i c u l a r  enzyme, as well as on the 
local pH (Robinson e t  a l . ,  1975).
Complex Formation With Lipoproteins and Fibr inogen. Lipid accumu­
la t ion  in the a r t e r i a l  wall during a th e ro sc le ro s i s  i s  p a r t l y  the r e s u l t  
of  f i l t r a t i o n  o f  plasma l i p i d s  through the wall (B er te l sen ,  1968). Walton 
and Williamson (1968), Waters (1972), Hollander ,  Kramsch and Inoue (1968), 
and o thers  provided experimental evidence which in d ica te s  t h a t  plasma LDL 
and VLDL are the most important sources o f  l i p i d  found in a th e ro sc le ro t i c  
le s ions .
The close morphological r e l a t io n sh ip  between GAG and l i p id  deposits  
in aor tas  led  to the proposal th a t  matrix GAGs t ra p  plasma LP, causing 
them to  accumulate within blood vessel w al ls .  Adams and Bayliss  (1973) 
showed GAGs underlying the l i p i d  deposi ts  following l i p i d  e x t rac t ion  of  
a o r t i c  plaques and Sr in ivasan  e t  a l . (1972) suoceeded in i s o l a t i n g  a l ip o -  
protein-GAG complex from f a t t y  s t reaks  of  human a o r t a s .  Although the 
implicat ions  of  LP-GAG complexes in s e t t i n g  the s tage  fo r  a therogenesis  
are obvious, the exact  nature  of  the i n t e r a c t io n s  between GAGs and LP i s  
disputed by d i f f e r e n t  in v e s t ig a to r s  ( Iv e r iu s ,  1972; Berenson e t  a l . ,
1971 and Levy and Day, 1970).
In addi t ion  to the s e le c t iv e  re ten t ion  of  plasma LP in the matrix 
proposed by Ive r ius  (1973), several i n v e s t ig a to r s  suggested t h a t  a o r t i c  
GAGs render LPs in s o lu b le  by chemically combining with them in the a r t e r i a l  
wall .  Berenson e t  a l .  (1971) and Amenta and Waters (1960) suggested a 
type o f  e l e c t r o s t a t i c  binding which involves the formation of  Ca++ bridges
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between nega t ive ly  charged s u l f a t e  groups of  the  GAG and negat ive ly  char­
ged phosphate groups of the phospholipids in VLDL and LDL. Srinivasan 
e t  a l . , (1970) showed the order  of a f f i n i t y  o f  GAGs fo r  LDL o r  VLDL in the 
presence of Ca++ a t  pH 7.4 to  be as follows: HS > Ch6-S04> Ch4-S04> DS.
Divalent cation p a r t i c ip a t io n  in GAG-LP complex formation was 
s t rongly  contradic ted  by Iver ius  (1972), Nishida and Cogan (1970), and 
Day and Levy, (1975). P a r t i a l  d e l ip ida t ion  of  LP with phospholipase C 
or the addit ion of  EDTA to reac t ion  mixtures of  LP and GAGs does not 
prevent formation of  complexes. In a d d i t io n ,  the involvement of  phos­
phate groups in the i n t e ra c t io n s  seemed u n l ik e ly ,  since GAGs do not bind 
HDL despite  the high phospholipid content  in t h i s  c lass  of  LP. The a b i ­
l i t y  of  GAGs to  complex with LP depends upon the degree and s i t e  (N- or 
O-SO.3 ) o f  su l f a t io n  and the primary, secondary and quar tem ary  s t ru c tu re  
of the GAG. The N-SO4 groups of  HS (Compared to  the O-SO3 groups of  the 
o ther  GAGs) enhance the a f f i n i t y  of HS fo r  LP (Srinivasan e t  a l . ,  1970).
Iver ius  (1972) proposed th a t  the apolipoprote in  por t ion ,  p a r t i c ­
u l a r ly  apolipoprotein  B, and not the l i p i d  por tion of  LDL and VLDL, 
i n t e r a c t s  with GAGs. Nishida and Cogan (1970) and Levy and Day (1970) 
showed t h a t  as ace ty la t ion  o r  succ inyla t lon  of  VLDL and LDL apolipo- 
p ro te ins  proceeded, r e su l t in g  in an increased negative  charge on the LP 
su rface ,  the a b i l i t y  of  the LP to i n t e r a c t  with GAGs decreased. Day and 
Levy (1975) a lso showed tha t  s e le c t iv e  modif icat ion of  LDL-arginine 
residues  with the t r im er  of b iacety l  e l im ina tes  LDL - GAG in t e r a c t io n s .  
The authors assumed t h a t  polyanionic GAGs re ac t  with only those moieties  
o f  the  LDL which are p o s i t i v e ly  charged, such as ly s in e ,  a rg in in e ,  and 
l e  c i t h i n  and cephalin .  At physiological  pH (7 .4)  and ionic  s trength
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( .1 6 ) ,  DS was the  only GAG which reacted  with VLDL and LDL in the absence 
of  Ca** ( Iv e r iu s ,  1972), This s e l e c t i v i t y  was a t t r i b u t e d  to the presence 
of iduronic  acid in DS since charge d e n s i t i e s  of DS and the CSs are a l ­
most i d e n t i c a l .  Berenson e t  a l .  (1971) suggested th a t  in addi tion to  
e l e c t r o s t a t i c  bonds between GAGs and arginine  and lys ine  residues  in the 
a p o l ip o p ro te in ,n o n -e le c t ro s ta t ic  binding, such as hydrogen bonding, hydro- 
phobic in te ra c t io n s  or d ispers ion fo rces ,  may contr ibute  to complex f o r ­
mations as well .  Bernfeld e t  a l .  (1960) i d e n t i f i e d  insoluble  and reve rs ­
ib le  and i r r e v e r s i b l e  soluble  complexes between GAGs and VLDL or LDL.
Such var iab le  r e s u l t s  between d i f f e r e n t  l ab o ra to r ie s  may be caused by 
d i f fe rences  in pH, ionic  s t r e n g th ,  or  concentrat ions  of ca t ions  and GAGs 
used in the s tud ies  (Bernfeld, Donahue and Berkowitz,  1957). Furthermore, 
r e s u l t s  of  in v i t ro  s tud ies  may not be rep resen ta t ive  of  in vivo GAG-LP 
in t e r a c t io n s .
A second serum component implicated in a th e ro sc le ro t i c  lesion 
formation i s  fibrinogen (Walton and Williamson, 1968). Advanced les ions  
are often enlarged by thromboses of  f ibr inogen and p l a t e l e t s  as well as 
by f u r th e r  l ipopro te in  accumulation (Watts,  1971). Glycosaminoglycans 
can sequester  fibr inogen in to  a less  m etabol ica l ly  ac t ive  s t a t e  by form­
ing fibrinogen-GAG complexes (Berenson e t  a l . ,  1971). Fibrinogen i s  
capable of  in te ra c t in g  with GAGs in v i t r o  not only on the ac id ic  but on 
the a lka l ine  side of  i t s  i s o e l e c t r i c  pH, and fibrinogen-GAG complexes 
are usua l ly  more soluble  than corresponding LP-GAG complexes (Robinson 
e t  a l . , 1975).
Aortic Glycosaminoglycan Content
Many attempts have been made to  c o r re la te  q u a l i t a t i v e  and quan-
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t i t a t i v e  changes in a o r t i c  GAGs with the  processes of  aging and a the ro -  
genes is ,  and to  explain these processes in terms o f  GAG-mediated changes 
in a r t e r i a l  wall matrix i n t e g r i t y ,  perm eabi l i ty ,  d i f f u s io n ,  mechanical 
p ro p e r t i e s ,  enzyme a c t i v i t i e s  and l ipopro te in  and f ibr inogen accumulation 
(Kumar e t  a l . ,  1967a*, Murata, 1974*, Stefanovich and Gore, 1967*, Nanov 
e t  a l . ,  1974 and Farquhar and Dunstone, 1968). Unfortunately , decades 
of  e f f o r t s  by these  and o ther  workers re su l te d  in a mass of  con t rad ic to ry  
data  which y ie ld s  no co n s is ten t  p a t t e rn s  or  no s a t i s f a c t o r y  explanations  
fo r  the ro le  of  GAGs in aging or  in a therogenes is .
General Conclusions
Taking l i t e r a t u r e  d iscrepancies  and experimental va r iab les  in to  
account,  one can s t i l l  make some general observat ions  concerning a o r t i c  
GAG content  during maturation and a therogenes is .  Regardless of  the 
species  o f  o r ig in  or  the  type of  por tion of  aor ta  s tud ied ,  most a o r t i c  
t i s s u e  conta ins  approximately 0.5 - 2.0% GAG on a dry de fa t ted  weight 
bas is  o r  0.1 - 0.5% on a wet-weight bas is  (Stefanovich and Gore, 1967).
Thoracic ao r ta s  in v a r iab ly  contain more t o ta l  GAG than c o r re s ­
ponding abdominal ao r ta s  in a l l  species  (Robinson e t  a l . ,  1975; Souadjian,  
Kottke and T i tu s ,  1969 and Stefanovich and Akiyama, 1970). These f indings  
were explained by Nanov e t  a l . (1974) on the  bas is  o f  a o r t i c  muscular ity  
and e l a s t i c i t y .  Three types of  v e s se l s ,  e l a s t i c ,  muscular and hybrid are 
d is t ingu ished .  Thoracic ao r ta s  are r ep re sen ta t iv e  o f  e l a s t i c  vesse ls  
which contain the  most GAGs; hybrid segments of  vesse ls  which are  t r a n s i ­
t io n a l  between e l a s t i c  and muscular vesse ls  contain l e s s  GAGs; and 
abdominal a o r t a s ,  which are rep re sen ta t iv e  of  muscular vesse ls  contain
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the  l e a s t  amounts o f  GAGs. This means t h a t  a o r t i c  GAG content  decreases 
with d is tance from the hea r t .
The types ,  as well as q u an t i ty ,  of  GAG's found in thorac ic  ao r ta s  
d i f f e r  from those of  abdominal ao r ta s .  Hepar i t in  s u l f a t e  comprises a 
much g rea te r  proportion of the GAGs in abdominal aor tas  than in tho rac ic  
ao r ta  segments, while the converse i s  t ru e  f o r  DS. Chondroitin s u l f a te  con­
t e n t s  of  th o rac ic  and abdominal ao r ta s  are of  the same proportion 
(Farquhar and Dunstone, 1968; Stefanovich and Akiyama, 1970 and Engel,
1971).
When analyzed s ep a ra te ly ,  the in i t im al  lay e r  o f  both tho rac ic  
and abdominal aor tas  always contains more GAGs (by weight) than the medial 
laye r  (Klynstra e t  a l . ,  1967; Murata, 1974 and Robinson e t  a l . ,  1975).
Correlat ions  between amount of  a o r t i c  GAG and species  s u s c e p t i b i l ­
i t y  to  a th e ro sc le ro s is  are c o n s is te n t ly  found (Robinson e t  a l . ,  1975;
Gero e t  a l . ,  1973; Mullinger and Manley, 1969 and Gardias,  Picard and 
Hermelin, 1973). A the rosc le ros is - suscep t ib le  species  ( e .g .  pigeons, 
r a b b i t s ,  man) contain g re a te r  amounts o f  a o r t i c  GAGs than a th e ro sc le ro s i s -  
r e s i s t a n t  species  ( e .g .  r a t s ,  mice, hamsters).  Nanov e t  a l .  (1974) showed 
t h a t  suscep t ib le  species  in general have ao r ta s  which are more e l a s t i c  
( le s s  muscular) in nature  than are the ao r ta s  of  r e s i s t a n t  species .
These e l a s t i c  vessels  contain more t o t a l  GAGs than muscular vesse ls .
In ad d i t io n ,  Gardias e t  a l .  (1973), Hermelin e t  a l .  (1974) and 
Mullinger and Manley (1969) reported lower leve ls  of  HS in medial and 
intimal layers  o f  the tho ra c ic  aor tas  of  a th e r o s c l e r o s i s - s e n s i t i v e  species  
when compared with r e s i s t a n t  spec ies .  Chondroitin s u l f a t e  i s  the major 
GAG reported in the suscep t ib le  spec ies ,  while HS i s  the major GAG in
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r e s i s t a n t  species .
Glycosaminoglycans in Aging
Attempts made to  d is t in g u ish  changes in a o r t i c  GAG occurring 
with age from those re la ted  to  atherogenesis  show increases  (NaKamura 
e t  a l . ,  1971 and Bertel sen, 1968), decreases (Velican,  1974), and no 
net  changes (Kumar e t  a l . ,  1967a), in content  with age. Berenson e t  a l .  
(1971) described these changes as genera l ly  being of  small magnitude. 
Schmidt and Dmochowski (1964a) fo r  example, reported the  percent GAG as 
uronic acid /g  dry d e fa t ted  and deca lc i f ied  a o r t i c  t i s s u e  tobe2.45 in 
newborn humans and 2.50 and 2.68 in normal ad u l t s .  These changes in per 
cent uronic acid content  are smaller  fo r  aging than fo r  those occuring 
due to  a th e ro sc le ro s i s .  (Values reported in the same experiment were 
2.88 in s l i g h t l y  a th e ro sc le ro t i c  vessels  and 3.22 and 3.48 in d i s t i n c t l y  
a th e ro sc le ro t i c  v e s se l s . )  Kumar e t  a l .  (1967a) showed an increase  in 
a o r t i c  GAG content  u n t i l  the  t h i r d  decade of  l i f e ,  when f u l l  aor ta  s ize  
was reached. After  the t h i rd  decade, a gradual decrease in human a o r t i c  
GAG content occurred. Variations in individual  GAG p r o f i l e s  with aging 
are a lso  co n t ro v e rs ia l .  Most repor ts  (Kumar e t  a l . ,  1967a; Muir, 1964 
and Velican, 1974) show a decrease in HA expressed as mg uronic ac id /g  
dry de fa t ted  t i s su e  a f t e r  the f i r s t  decade in human a o r t i c  tissue,and a t  
comparable ages 1n o ther  animal spec ies .  One repor t  on r a t  aor tas  
(Vijayakumar, Leelama and Kurup, 1975),however,showed a decrease in HA 
a o r t i c  content  from weanling un t i l  s ix  months and then a subsequent i n ­
c rease .  While Nakamuara e t  a l .  (1971) reported no change in the r e l a t i v e  
proport ions o f  the su l fa ted  GAGs with age in humans, Kumar e t  a l .  (1967a)
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reported increases in a o r t i c  DS, HS and CSs in humans u n t i l  the second 
or t h i rd  decade and then subsequent decreases.
Glycosaminoglycans in Atherogenesis
The tendency fo r  GAG to  increase  in the  a r t e r i a l  wall with the 
onset  of  f a t t y  spots and s t reaks  and then to  decrease with f u r th e r  t r a n s ­
formation o f  these  areas in to  f ibrous  plaques and complicated les ions  is  
repeatedly  s t re ssed  (Velican, 1974; Kumar e t  a l . ,  1967a; Kumar e t  a l . ,  1967b; 
Wagh e t  a l . ,  1973; and Hollander e t  a l . ,  1968). One such ana lys is  ca r r ied  
out  by Bottcher and Klynstra (1962) showed mg GAG/g dry defa t ted  t i s s u e  
as 18.2 in undiseased v e s se l s ,  20.2 in f a t t y  spots and s t r e a k s ,  18.7 in 
the f ibrous  plaques and 16.5 in the complicated les ions  of a th e ro sc le ro s i s .
The progression of the  d isease  i s  a l so  marked by a l t e r e d  p ro f i l e s  
of the  individual  GAGs. HA is  p resent  in low q u a n t i t i e s  ( le s s  10% to ta l  
GAG) and decreases during a therogenesis  (Schmidt and Dmochowski, 1964a; 
Nakamura e t  a l . ,  1971 and Klynstra e t  a l . ,  1967). No co n s is te n t  p r o f i l e  
fo r  HS emerges during a therogenesis .  D if fe ren t  repor ts  show increases ,  
decreases ,  no change, increases  followed by decreases ,  e t c .  Dermatan 
s u l f a t e  content  i s  elevated in f a t t y  spots and s t reaks  compared to uninvolved 
a o r t i c  segments,  but i s  s i g n i f i c a n t l y  decreased in f ib rous  plaques. (Velican, 
1974; Vijayakumar e t  a l . ,  1975 and Kumar e t  a l . ,  1967b).
The presence, con ten t ,  and p r o f i l e  of  one GAG, Ch4-S04 in a o r t i c  
t i s s u e  during a therogenesis  i s  u nce r ta in ,  because Ch4-S04 c lo se ly  resembles 
Ch6-S04 in s t ru c tu r e  and i s  r a re ly  separated from t h i s  isomer in quan t i ­
t a t i v e  s tud ies  on a o r t i c  GAG content .  Velican (1974) and Murata (1974) 
r ep o r t  t h a t  CI16-SO4 i s  the  major GAG component of the  a r t e r i a l  wall
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(g rea te r  than 50% of to t a l  GAG) and t h a t  i t  increases  in quant i ty  u n t i l  
advanced les ion  s tage s ,  when i t  dec l ines  g radua l ly .  The proport ions  of 
the three  isomers,  DS, Ch4-S04 and Ch6-S0^ in a th e r o s c l e r o t i c  t i s s u e  are  
usually  1 :1 :2 .5  (Murata, 1974).
Explanations For L i te r a tu re  Discrepancies
Kumar e t  a l .  (1967a),  Robinson e t  a l . (1975) and Murata (1974) 
explained discrepancies  found in the l i t e r a t u r e  in terms o f  the va r iab les  
which are a p a r t  of these s tu d ie s .  Considerable v a r i a t io n s  in content  of 
GAGs from d i f f e r e n t  spec ies ,  from ind iv idua ls  within the same spec ies ,  
and even from d i f f e r e n t  layers  and segments of  the  same aor ta  are reported .  
Ppoled samples are  of ten  grouped without regard fo r  age, r ace ,  sex and 
anatomy. Bias in s e lec t io n  and mixing of  sample mater ia l o f ten  r e s u l t s  
in pooling uninvolved aor ta  segments with le s ion  segments or  in mixing 
d i f f e r e n t  les ion  types .  Attempts to show d i s t i n c t i o n s  between changes 
due to aging and those due to a therogenesis  are  r a r e ly  made. D i f f e r e n t i a ­
t io n  of a la rge  a r t e r y ,  such as the a o r t a ,  may not be completed before 
the  onset  of  pathological  changes, so t h a t  even when such at tempts a re  
made, u n ce r t a in t ie s  are  introduced because of  simultaneous degeneration 
and maturation processes (Mathews, 1975).
In ad d i t io n ,  d i f f e r e n t  methodologies used by various in v es t ig a to rs  
make comparisons of r e s u l t s  d i f f i c u l t  s ince  q u a n t i t a t i v e  i s o l a t i o n  and 
adequate separat ion  and q u an t i t a t io n  techniques are  not always employed 
(Gre i l ing ,  1974). Both h is to lo g ica l  and biochemical approaches are used 
to  study a o r t i c  GAG conten t .  Early chemical methods f o r  measuring GAG 
content were based on to t a l  hexosamine, uronic acid or s u l f a t e  determinations .
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Improvements in GAG e x t r a c t io n ,  f r a c t i o n a t io n ,  e l e c t ro p h o re s i s ,  s t a in in g ,  
and enzymatic degradation allow more c r i t i c a l  q u an t i ta t io n  and i d e n t i f i ­
cat ion  of  indiv idual  GAGs, but d i f f i c u l t i e s  with these  techniques  s t i l l  
e x i s t .  Ion exchange and ce l lu lo se  column chromatography, fo r  example, 
do not provide sharp separa t ions  o f  individual  GAG f ra c t io n s  (Tanaka and 
Gore, 1966) and most e le c t ro p h o re t i c  techniques separa te  GAGs in to  only 
two or  th ree  bands (Breen e t  a l . ,  1970 and Saxena and Nagchaudhuri,
1968). In a d d i t io n ,  many techniques  are not s e n s i t iv e  enough fo r  
es t imat ing  absolu te  amounts of  submicrogram q u a n t i t i e s  of  GAGs. Separa­
t io n  of  the indiv idual  CS isomers was impossible un t i l  the recen t  
commercial a v a i l a b i l i t y  of  Chondroitinases and Chondro-sulfatases .  Even 
with the use of  these  spec ia l ized  enzymes the  separat ion of individual 
CSs i s  d i f f i c u l t  in a o r t i c  t i s s u e  where d i f f e r e n t  CS glycan chains a t tach  
to  the  same peptide core and the glycan chains themselves are often 
copolymeric s t r u c tu r e s .  Bovine a o r t a s ,  fo r  example, contain GAGs in 
which DS disacchar ides  are loca ted  in the same chain with Ch6-S04 and 
Ch4-S04 d isaccharide  un i t s  (Ehr l ich ,  Radhakrisnamurthy and Berenson,
1975 and Malmstrom e t  a l . ,  1975). F ina l ly ,  r e s u l t s  are fu r th e r  compli­
cated by the  expression of  ana ly t ica l  data  on the basis  of  p ro te in ,  dry 
weight,  wet weight,  o r  dry d e fa t ted  weight.
The Present Study
Since e a r ly  a th e r o s c le r o t i c  le s ions  may be both preventable and 
r e v e rs ib le  (Dalferes  e t  a l , ,  1971), i t  i s  important to  understand t h e i r  
pathogenesis  and to  define the i n i t i a t i n g  f a c to r s .  A l te ra t ions  in a o r t i c  
GAGs are bel ieved to  play a ro le  in l i p i d  accumulation which i s  the key
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pathological  fea tu re  of a th e ro sc le ro s i s .  Therefore , the ob jec t  of  the  
present  study was to  analyze the GAGs present  in aor tas  o f  a th e ro sc le ro s i s -  
r e s i s t a n t  and a th e ro sc le ro s i s - s u sc e p t ib le  breeds of  pigeons a t  ages 
corresponding to  p re a th e ro s c le ro t i c  and ea r ly  a th e ro sc le ro t i c  s tages .
GAGs from uninvolved th o ra c ic  ao r tas  and from the c e l i a c  b i fu rca t ion  (a 
s i t e  predisposed to  a th e ro sc le ro t i c  involvement) in aor tas  of suscep t ib le  
White Cameau (WC) pigeons were compared with GAGs from s im i la r  s i t e s  in 
r e s i s t a n t  Show Racer (SR) pigeons. Quant i ta t ive  and q u a l i t a t i v e  compari­
sons were made a t  the following ages: one-day old (ha tch ing) ,  six-week 
old (weanl ing),  four- to  six-month old ( f i r s t  u l t r a s t r u c tu r a l  and bio­
chemical a the rogenes is ) ,  and two-to th ree-year  old (moderate a th e r o s c l e r o s i s ) .
White Cameau pigeons provide a unique system fo r  analys is  of  
a o r t i c  GAGs since spontaneous a th e r o s c l e r o t i c  les ions  in WC c lose ly  r e s ­
emble those in human aor tas  biochemical ly, histochemical ly  and patholog­
i c a l l y  (Clarkson e t  a l . ,  1959; Prichard  e t  a l . ,  1962 and Herndon e t  a l . ,
1962). In ad d i t io n ,  WC les ions  are highly p red ic tab le  in terms of s i t e  
s p e c i f i c i t y  and in the sequence and ra te  of  pathogenic progression 
(Santerre  e t  a l . ,  1972). Because a l t e r a t i o n s  in the a r t e r i a l  wall a lso  
occur as a r e s u l t  o f  aging, Show Racer pigeons serve as co n t ro l s ,  to 
permit d iscr imination between changes due to  normal aging and those due 
to  pathological  involvement in WC.
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MATERIALS AND METHODS 
Derivation of  Experimental Tissue
Six-week, six-month and two-to th ree-year  old White Carneau (WC) 
and Show Racer (SR) pigeons were obtained from Palmetto Pigeon Plant 
(Sumter, South Carolina) .  Birds were housed in fly-coops p r io r  to sh ip ­
ment and were fed a mixture of yellow corn,  wheat, peas, k a f i r  and Palmetto 
Health G r i t .  One-day old pigeons were obtained from WC and SR colonies  
maintained a t  the University  of New Hampshire. These colonies were 
o r ig i n a l l y  derived from Palmetto Pigeon Plant  Stock of the  same l in e s  as 
descr ibed by Clarkson, e t  a l . (1959).
Birds were s a c r i f i c e d  by exsanguinat ion,  and upper thorac ic  aor tas  
from the arch to j u s t  below the c e l ia c  b i fu rc a t io n  were removed, placed 
in ice -co ld  Hanks' Balanced S a l t  Solut ion with Glucose, and d issec ted  
f re e  of  blood, extraneous materia l  and a d v e n t i t i a .  Thoracic por tions 
and c e l i a c  foci as described by Santer re  e t  a l . (1972) were separated 
and s to red  in a i r - t i g h t  g lass  v ia l s  a t  -20° C u n t i l  s u f f i c i e n t  t i s s u e  
pool s ize s  were obtained to  begin i so la t io n  of  glycosaminoglycans.
I so la t io n  of  Glycosaminoglycans from Pigeon Aortas
Glycosaminoglycans were reported to make up approximately 0.1 % of 
a o r t i c  t i s s u e  on a wet weight bas is  (Stefanovich and Gore, 1967). Since 
250 ug GAGs were necessary fo r  an a ly t ic a l  procedures ,  s ix  thorac ic  segments 
from six-week, six-month, or  two-to th ree -yea r  old b irds  (each weighing 45 - 
100 mg), 30 c e l i a c  foci from six-week, six-month or two-to th ree -yea r  old 
b i rds  (each weighing 5 - 1 0  mg), 40 tho ra c ic  segments from one-
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day-old b irds  (each weighing 5-7 mg), and 300 c e l i a c  foci from one- 
day old b irds  (each weighing 0.4-1 mg) co n s t i tu ted  optimal pool s izes  
of  250 mg o r  more. Approximately equal numbers of  male and female aor tas  
were used in each pool in order  to  compensate fo r  any d i f fe rences  in GAG 
content  due to  sex.
The GAGs were i so la ted  from frozen a o r t i c  t i s s u e  using a modi­
f i c a t io n  of the  i so la t io n  procedure of Mankin and L ip ie l lo  (1971). The 
a o r t i c  t i s s u e  pool was weighed, minced in to  pieces le ss  than 1 mm-square 
with sc is so rs  and soaked in 30.0 ml of absolute  ethanol in a screw cap 
v ia l  (25 x 95 mm) a t  room temperature in order  to remove water and l i p i d .  
After  24 hr the ethanol was p a r t i a l l y  removed with a Pas teur  p ip e t t e ,  
and the remainder removed under vacuum p r io r  to lyop h i l i za t io n  of  t i s s u e .  
The lyophil ized res idue was t r a n s fe r re d  to  a weighing d ish ,  and dry de­
f a t t e d  weight determined. One ml of  1.0 M phosphate b u f fe r ,  pH 7 .0 ,  was 
added to the t i s s u e  in a screw cap v ia l  and hydroly t ic  enzymes were des­
troyed by heating the v ia l  in a boi l ing  water bath f o r  20 minutes.  The 
v ia l  was then cooled, and a so lu t ion  of  2.0% pronase (Calbiochem) in 
0.2 M t r i s  (hydroxy methyl) amino methane (Tr is )  bu f fe r ,  pH 8 .0 ,  was 
added to give a f ina l  concentrat ion of lOOujg pronase/mg dry defa t ted  
t i s s u e .  The mixture was incubated f o r  48 hr  a t  37° C. A second pro­
t e o l y t i c  d iges t ion  was performed by adding a so lu t ion  of 0 . 2% crude papain 
(Sigma) in 0.1 M phosphate b u f fe r ,  pH 7 .0 ,  containing 0.01 M cys te ine  and 
0.01 M disodium e thy lened iaminete traace ta te  (EDTA) to  give a f ina l  
concentra t ion of 5>ug papain /mg dry de fa t ted  t i s s u e .  This mixture was 
incubated a t  65° C f o r  18 hr.
After  completion of  the  second p ro te o ly t ic  d igest ion  the a o r t i c
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t i s s u e  appeared completely so lu b i l i z e d .  This s o lu t io n ,  along with four 
0 .5  ml water washings of  the v ial  were t r a n s fe r re d  to  a polyallomer
cen t r i fuge  tube (Beckman, 1" x 3 1/2") which was then c h i l l e d  to 4° C.
Sol id  t r i c h lo r o a c e t i c  acid (TCA) was added to give a f in a l  concentrat ion 
of  5% (w/v).  The tube was incubated a t  4° C fo r  4 hr and then centr i fuged  
a t  7,000 rpm (4,200 x g) in a type 30 head in a Beckman Model L U l t ra ­
cen t r i fu g e  fo r  ten minutes a t  4° C.
Following c e n t r i fu g a t io n  the  supernatant was t r a n s fe r re d  to a
second cen t r i fuge  tube.  The TCA p r e c i p i t a t e  was washed with 1.0 ml of
5% (w/v) TCA and th i s  so lu t ion  pooled with the supernatant .  Three volumes 
of  cold 5% (w/v) potassium ace ta te  in abso lu te  ethanol f o r  each volume 
of  combined supernatant  (containing the  GAGs) was added to  the tube,  and 
the  mixture incubated a t  4° C fo r  16 hr .  This so lu t ion  was then c e n t r i ­
fuged a t  4° C a t  18,000 rpm (27,000 x g) in a type 30 head fo r  15 minutes .
The r e s u l t a n t  GAG p r e c i p i t a t e  was success ively  ex t rac ted  with 1.0 ml 
por t ions  of  absolute  e thanol ,  ethanol:  d ie thyl  e th e r ,  ( 1 : 1 , v:v) and d ie thy l
e th e r  and was then thoroughly a i r  d r ied .
Next, 1.0 ml of 0.05 M phosphate b u f fe r ,  pH 7 .0 ,  containing 
0 .005 M MgCl2 » 25JU9/*nl deoxyribonuclease (Worthington),  and 10jjg/ml 
r ibonuclease (Worthington) was added to the cen tr i fuge  tube ,  the tube 
capped, and incubated a t  37° C fo r  16 hr .
Tube contents  along with water washings of  the tube were t r a n s ­
fe r red  to 3.24 cm (dry) diameter c e l lu lo se  d i a ly s i s  tubing (Ficher 
S c i e n t i f i c )  and dialyzed aga ins t  d i s t i l l e d  water in a four  l i t e r  f la sk  
a t  4° C with s t i r r i n g .  Dialysis  water was changed two o r  th re e  times 
d a i ly  fo r  a minimum of  four days of  d i a ly s i s .
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Final ly  the  GAG so lu t ion  was ly o p h i l i zed ,  and the  p u r i f i e d ,  
dr ied  GAGs were dissolved in double d i s t i l l e d  water a t  approximately 3 
>ul water/mg dry d e fa t ted  t i s s u e .  This d i lu t io n  r a t i o  was used to  give 
a f in a l  concentration o f  approximately 5jug GAG/>ul.
Cellulose Acetate E lec trophoresis
GAGs were separa ted by c e l lu lo se  ace ta te  e lec t ro p h o res i s  by a 
modification of  the method of Stefanovich and Gore (1967). Since GAG 
e le c t ro p h o re t ic  pa t te rns  d i f f e r  depending upon species  of  o r ig in  ( S te f ­
anovich and Akiyama, 1970) e lec t ro p h o res i s  condi t ions  were determined 
which would af ford  optimal separat ion o f  pigeon aor ta  GAGs.
Sta ining and des ta in ing  techniques were a l so  evaluated to permit 
maximal v i su a l iz a t io n  o f  bands. The following methodological parameters 
were examined: pH (3 .2 5 -8 .1 ) ,  ace ta te  s a l t s  (Cd, Ca, Cu, Zn, Ba) , buffer
concentra t ions  (0.1 M- 4 .0  M), amperages (1 .0  -  4 .0  mA/str ip) ,  migration 
times ( 2 - 7  h r ) ,  power supplies  (cons tan t  cu r ren t  o r  pu lsed) ,  s ta in s  
(a lc ian  blue,  to lu id in e  blue o r  ac r id ine  orange) and des ta in ing  so lu t ions  
( d i l u t e  ace t i c  ac id ,  methanol,  Fisher Decalin [decahydronapthalene] or  
Gelman Sepra Clear) .  The best separa t ions  and q u an t i t a t io n s  were 
achieved with the following method.
Cellulose polyaceta te  s t r i p s  (Gelman Sepraphore I I I ,  1" x 6") 
were soaked f o r  15 - 18 hr  a t  4° C in e le c t ro p h o re s i s  buf fe r  ( 0 . 3 M 
cadmium ace ta te  adjusted to  pH 4.1 with g lac ia l  a c e t i c  ac id ) .  S t r ip s  
were b lo t ted  l i g h t l y  on Whatman No. I f i l t e r  paper ,  and GAGs (2 .0  -  15.0 
ug in 2 ,0 ju l )  were applied  as a l in e  a t  the o r ig in  (2.5 cm from the 
cathode end) with a Gelman Serum Applicator .  Two Gelman Deluxe
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Electrophoresis  Chambers containing a to t a l  of  s ix  sample and e igh t  
standard s t r i p s  were rou t ine ly  run simultaneously fo r  4 1/2 hr  with 
cold (ca. 20° C) tap water c i r c u la t in g  through the chambers. A constant  
cu r ren t  of  2 .0  mA/strip was supplied by a Buchler Voltage and Current 
D.C. power supply.
Standard hepar i t in  s u l f a t e  (HS) was the generous g i f t  o f  Dr.
J .  A. C ifonel l i  (Univ. of Chicago, Dept, o f  P e d ia t r i c s ) .  Hyaluronic acid 
(HA), dermatan s u l f a t e  (DS), chondroi tin  4 - su l f a t e  (Ch4 -S04) and chon­
d ro i t in  6- s u l f a t e  (Ch6-S04) were purchased from Miles Laborator ies .  The 
HS was a National Heart I n s t i t u t e  Reference Standard, while HA, CS and 
Ch 4- and 6-SO4 were Miles Super Special Grade (spec i f ied  pure by in f ra red  
spectroscopic a n a ly s i s ) .  All standards were e le c t ro p h o re t i c a l ly  homo­
geneous under the condit ions  described previously.
Following e le c t ro p h o re s i s ,  four bands were v isua l ized  when s t r i p s  
were f loa ted  on, and then immersed fo r  10 minutes in,an a lc ian  blue s ta in  
containing l.Og Alcian Blue 8GX (All ied Chemicals), 100 ml absolute ethanol 
and 50 ml g lac ia l  a ce t ic  a c i d / l i t e r .  Background des ta in ing  was achieved 
by soaking s t r i p s  fo r  60 minutes in 7.5% (v/v) ace t ic  acid with f ive  
changes o f  the des ta in ing  so lu t io n .  S t r ip s  were then b lo t ted  on Whatman 
No. I f i l t e r  paper,  f l a t t e n e d  on g lass  s l i d e s ,  and dr ied under a stream 
of  warm a i r  from an Oster  A l r je t  Hair Dryer.
Quanti ta tion of  bands was accomplished by in s i t u  densitometr ic  
scanning of  s t r i p s .  A Canalco Model K Densitometer was used with the 
following s p e c i f i c a t io n s :  yellow f i l t e r  (530 nm), 0-1 l i n e a r  op t ica l  
dens i ty  s c a le ,  0.02 s e n s i t i v i t y ,  slow scan speed, and a char t  speed of
3.0 inches/minute.
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Samples were evaluated by comparisons with standard curves p re ­
pared by p lo t t in g  known GAG concentrat ions vs.  area under the correspond­
ing densi tometr ic  curves. These areas were determined by planimetry 
using a Keuffel and Esser Compensating Polar  Planimeter.
The r e su l t in g  four  bands were i d e n t i f i e d  by Stefanovich and Gore 
(1967) and Picard ,  Gardias and Esquive (1970), in s im i la r  c e l lu lo se  ace ta te  
e lec t rophores is  systems, as :  HA, HS, DS and Ch4 -S04/Ch6-S0^ in order  of in ­
creasing e lec t ro p h o re t ic  m obi l i ty .  In order  to show t h a t  the i d e n t i t i e s  
o f  pigeon and standard GAG bands corresponded to the bands reported by 
these  au thors ,  th ree  methods were employed. F i r s t ,  standard GAG prepara­
t ions  were run e le c t ro p h o re t i c a l ly  one a t  a time and e lec t ro p h o re t ic  
mobil i ty  demonstrated as : Ch6-S04 = Ch4-S0^DS^HS^HA. Second, i n d i v i ­
dual standard GAGs were added one a t  a time to  a l iquo ts  of pigeon GAG 
mixtures and the i d e n t i t i e s  of  the overloaded band of  pigeon GAG plus 
c a r r i e r  were determined. In t h i s  way the e lec t ro p h o re t ic  m o b i l i t ie s  of  
pigeon GAGs were a lso  shown to  be ChG-Sffy/ChA-SO^HS^HA. F inal ly  
the i d e n t i t i e s  o f  the GAG bands were determined enzymatical ly by an adap­
t a t i o n  of  the methods of  Picard e t  a l . (1970). In th i s  procedure a l iquo ts  
of  sample and o f  standard GAG mixtures were electrophoresed  before and 
a f t e r  enzymatic hydrolysis by leech hyaluronidase (E .C .4 .2 .99 .1 ) ,  (B io t r i c s ,  
Inc . )  chondroitinase - ABC (E.C.4 .2 .2 .4)  (Miles) ,  chondroitinase-AC 
(E.C.4 .2 .2 .5)  (Miles) or  hepa r i t ina se  (E .C .3 .2 .1 . )  ( the  generous g i f t  of 
Dr. Alfred Linker,  Veteran 's  Administration H ospi ta l ,  S a l t  Lake City,
Utah). Leech hyaluronidase i s  s p e c i f ic  fo r  HA (Yuki and Fishman, 1963; 
Linker e t  a l . ,  1960), hepar i t ina se  i s  s p e c i f ic  f o r  HS (Hovingh and Linker,  
1970), chondroitinase-ABC hydrolyzes HA, DS, Ch4*S04 and Ch6-S04
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(Yamagata e t  a l . ,  1968) and chondroitinase-AC hydrolyzes HA, Ch4-S0^ and 
Ch6-S04 .
For each enzymatic degradat ion 1 0 .0 jul of  sample or standard GAG 
s o lu t io n ,  (containing 2.5 - 5.0>ug/u1 to ta l  GAG) was incubated with one 
enzyme and appropria te  buf fe r  in small g lass  stoppered t e s t  tubes 
(13 x 40 mm). For leech hyaluronidase d ig e s t s ,  0.45 mg of  enzyme was d i s ­
solved in 4 .5  ml of  cold (0° C), d o u b le -d i s t i l l e d  water.  Ten>ul of  th i s  
enzyme so lu t ion  was added to  lO.Ojul o f  GAG mixture in 0.5 ml of  c i t r a t e -  
phosphate bu f fe r ,  pH 5.6 ,  (Mcllvaine, 1921) once every hour f o r  f iv e  
hours (Balazs,  Personal Communication), and the reac t ion  mixture was 
incubated a t  37° C f o r  16 hr .  For chondroitinase d ig e s t s ,  0.06 un i t s  of 
chondroitinase-AC or  0.02 u n i t s  of chondroitinase-ABC in d o u b le -d i s t i l l e d  
water was added to  1 0 .0 jul of  GAG mixture with 15.0 jul o f  enriched Tris  
b u f fe r  (S a i to ,  Yamagata and Suzuki,  1968). This buffer  was composed of
3.0 g Tris  2.4 g sodium a c e t a t e ,  1.46 g NaCl and 50.0 mg bovine serum albumin 
(Sigma) in 100.0 ml d o u b le - d i s t i l l e d  water adjusted to pH 8.0 with d i l u t e  
HC1. Reaction mixtures were incubated a t  37° C fo r  16 hr .  For hepar i t inase  d i ­
ges ts  a small amount of h epar i t ina se  (approximately 10. 0 >ug) was dissolved 
in 3 .0  ml of  0.1M sodium a c e t a t e ,  pH 7.0.  Ten^ul of  t h i s  solu t ion was 
added to  10.0 xil o f  GAG mixture and incubated a t  37° C fo r  24 hr (Linker,  
Personal Coranunication). Blanks (mixtures with buffer  and GAGs but no 
enzymes) were run simultaneously with d ig e s t s .
After  d iges t ions  were completed, tubes containing reac t ion  mixtures 
were lyophi l ized  and then red isso lved  in 5 . 0 ^ 1  double d i s t i l l e d  water.  A 
2 . 0 >ul a l iq u o t  of t h i s s o lu t io n  was electrophoresed as described previously 
to  confirm the i d e n t i t y  of the four  e lec t rophore t ic  bands as HA, HS, DS,
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and Ch4-S04-Ch6-S04 in order  of increasing mobil i ty .
Enzymatic Determination of  Isomeric Chondroitin 4-and 6-Su lfa tes
The separat ion  and q u a n t i t a t io n  of  Ch4 -S04 and Ch6-S04 which was 
not accomplished e l e c t r o p h o r e t i c a l l y , was achieved by measuring the borate-  
ca talyzed Elson-Morgan reac t ion  co lor  of  GAG samples (Strominger,  Park and 
Thompson, 1959; Schmidt and Dmochowski, 1964b). The ana lys is  is  based on the 
observat ion made by Matthews and Inouye (1961) t h a t  o l ig iosacchar ides  
containing f re e  or  O-SO3H su b s t i tu te d  N-acetylhexosamines in the six 
pos i t ion  y ie ld  f u l l  c o lo r ,  while those su b s t i tu ted  in the  four pos i t ion  
cause an almost complete supression of  co lor  formation. The production 
of  co lor  in t h i s  t e s t  i s  dependent upon two processes: the formation of
an in termediate  compound probably a d isubs t i tued  oxazole (or  oxazol ine) ,  
by heating the acetylhexosamine with a l k a l i ,  and the reac t ion  of  th i s  
in termediate  with p-dimethylaminobenzaldehyde in acid (Reiss ig ,  Strominger 
and L e lo i r ,  1955 and Morgan, 1946). N-acetylhexosamines su b s t i tu ted  in the 
four  pos i t ion  are  unable to  form the in termediate  compound (White, 1940; 
C ifone l l i  and Dorfman, 1958; Morgan, 1946 and Kuhn, Gauke and Baer,
1954).
N-acetylhexosamine-containing disaccharides  are  re leased from 
polymeric GAG mixtures by the  act ions  of chondroitinase-AC and chondro-4- 
s u l f a t a s e  (E .C .3 .1 .6 .4 ) ,  (Miles) .  These enzymes were p u r i f ied  and 
charac te r ized  by Yamagata e t  a l . (1968). Chondroitinase-AC ca ta lyzes  the 
reac t ions
Ch4-S04 (CSA) ------------------- * n * D i - 4S04
Ch6-S04 (CSC) -------------------* nADi-6S04
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HA -------------------------> n *  Di-QS04
Chondro-4-sulfatase cata lyzes  the reac t ion :
A  Di-4S04 ------------------------ £  n A  D1-0S04 + S042’
No a c t i v i t y  was shown by chondroitinase-AC on DS o r  HS s u b s t r a te s ,  
nor was a c t i v i t y  shown by chondro-4-sulfatase on Di-6S04 (Yamagata e t  a l . ,  
1968),
Analysis of  Ch4-S04 and Ch6-S04 was ca r r ied  out  in a two-step 
react ion procedure. In the f i r s t  s tep  the concentration of  Ch6-S04 in a 
sample a l iquo t  was measured by adding chondroitinase-AC to the reaction 
mixture. Colored products were given only by Ch6-S04 and HA in the 
subsequent Elson-Morgan reac t ion .  Since the concentration of HA was 
determined previously by ce l lu lo se  ace ta te  e l e c t ro p h o re s i s ,  i t s  con tr ibu­
tion to  t o t a l  co lor  was subtracted  out by running appropria te  s tandards.
The standards  contained the known concentration of HA and varying con­
cen t ra t ions  o f  Ch6-S04 . The concentrat ion of Ch6-S04 in the sample was 
determined by comparison to  standard curves of  concentrat ion of  Ch6-S04 
vs.  absorbance a t  585 nm.
In the second s tep both chondroitinase-AC and chondro-4-sulfatase 
were added to  the  sample a l iq u o t .  Elson-Morgan colored products were 
formed by Ch6 -S04 , HA and Ch4-S04 . The contr ibu t ions  of CI16-SO4 and HA 
to  t o t a l  co lor  were subtrac ted  out by again running appropria te  s tandards ,  
t h i s  time with known concentrations  o f  Ch6-S04 and HA and varying concen­
t r a t i o n s  of  Ch4-S04 . The concentrat ion of  Ch0-S04 d isaccharides  l ib e ra te d
iTIie abbrevia t ions  used are: ADi-4S04 ,ADl*-6S04 , an d d D i - 0SQ4 , the 
disaccharide repeat ing un i ts  of  Ch4-S04, Ch6-S04 HA re spec t ive ly ,  
as shown in Table 2.
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were determined q u a n t i t a t iv e ly  by comparison to standard curves of con­
cen tra t ion  of  Ch4-S0^ absorbance.
The d e t a i l s  of the react ion procedures were as follows. All 
react ion mixtures were prepared in g lass  stoppered t e s t  tubes (13 x 40 mm). 
The following solut ions  were contained in a to ta l  volume of 75 jul : 15 >ul 
of enriched Tris  fu f f e r  (3.0 g T r i s ,  2.4 g sodium a c e ta t e ,  1.46 g NaCl,
50.0 mg bovine serum albumin [Sigma] in 100.0 ml double d i s t i l l e d  water 
adjusted to pH 8.0 with d i lu te  HC1), t e s t  sample or standard GAG solut ion 
containing 1.0  - 20.0 -ug of the individual isomer to be analyzed, and 
e i t h e r  0.06 uni ts  of chondroitinase-AC or 0.06 uni ts  of chondroitinase-AC 
with 0.01 uni ts  of  chondro-4-su lfa tase .  The blank was prepared without 
the enzymes, and a l l  react ion mixtures were incubated for  16 hr a t  37°C.
After  incubation, 75 >ul of  a 5% (w/v) t e t r a b o ra te  bu f fe r ,  pH 9 .0 ,  
(adjusted with boric acid)  was added to each tube. Tubes were mixed 
vigorously in a Vortex Genie (Fisher)  for  t h i r t y  seconds, placed in a 
boi l ing water bath ,  heated fo r  exactly  seven minutes,  and then cooled in 
ice water .  To each cold rac t ion  mixture was added 600 jul of  g lacia l  
ace t ic  acid and 250 >ul of  paradimethylaminobenzaldehyde (DMAB) reagent 
(1.6 grams of DMAB [Eastman Kodak] dissolved in 9.5 ml of g lac ia l  ace t ic  
acid and 0.5 ml HC1). Tubes were mixed vigorously fo r  t h i r t y  seconds in the 
Vortex-Genie, and color  was allowed to develop a t  room temperature.
Quanti tat ion was achieved by reading the absorbance of  react ion 
mixtures a t  585 nm in a Beckman DU Spectrophotometer between 90 - 120 
minutes a f t e r  addit ion of  the DMAB reagent to  the tubes.  A l i n e a r  r e l a ­
t ionship  was shown for  concentrat ion of isomer present vs.  the
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absorbance in the range of  1.0 -  20.0 >ug of individual isomer.
Determination of Total Uronic Acid
Uronic acid assays of sample a l iq u o ts  were performed (whenever 
sample s ize  permitted)  in order  to confirm the v a l id i t y  of to ta l  GAG values 
obtained by the combined e lec t rophores is  and Elson-Morgan techniques.
Since color  y ie ld  per mole of uronic acid is  not the same fo r  a l l  GAGs ( for  
example DS color  y ie ld  i s  15% higher than HA) and since  pro te in  and 
hexoses are in te r f e r in g  chromagens (Svejcar  and Robertson,1967), the 
uronic acid assay is  not as accurate  as the combined techniques fo r  quan t i ­
t a t in g  individual GAGs present  in a l iq u o t  mixtures .
Total uronic acid was determined by the Orcinol Procedure, in 
which uronic acid is  converted to  a f u r fu ra l - ty p e  chromagen a f t e r  heating 
with s trong acid (Davidson,1966). Ten>ul of sample or standard GAGs 
( id e n t ica l  to those used in e lec t rophores is  and Elson-Morgan color  
reac t ions)  made up of  equal amounts (w/v), of each of the f ive  GAG 
s tandards ,  containing 1.0 - 15.0 jug/ul were added to 990.0 >ul of  double­
d i s t i l l e d  water and 3.0 ml of orcinol reagent in a t e s t  tube (16 x 150 mm). 
Orcinol reagent was prepared by adding 40.0 mg orcinol (Fisher)  to 15.5 
ml HC1 and 1.0 ml of  1.5% (w/v) f e r r i c  ch lo r ide .  Tubes were capped with 
marbles,  heated fo r  40 minutes in a boi l ing  water bath ,  cooled to room 
temperature and the absorbance read immediately a t  600 nm in a 
Bausch and Lomb Spectronic 20 Spectrophotometer.  Sample uronic acid was 
q uan t i ta ted  by comparison with standard curves obtained by p lo t t in g  standard 
GAG concentrat ion vs.  absorbance. A l i n e a r  r e la t io n s h ip  was shown 
fo r  uronic acid vs.  absorbance in the range of  10.00 -  150.0jug
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GAG.
Range o f  Methods
The useful  ranges o f  the methods used to analyze GAGs appear in 
Table 3, The maximal amounts o f  HA, HS, or  DS which could be measured 
by in s i t u  densitometr ic  scanning of c e l lu lo se  ace ta te  s t r i p s  were 
l im i ted  by the capaci ty  of the polyaceta te  membranes to r e ta in  a lcian 
blue-GAG complexes. An excess of the complex on the s t r i p  was indicated 
by i r r e g u l a r l y  shaped and colored bands which were blotched and cracked 
in appearance. Overloading the s t r i p s  with sample a lso  re su l ted  in over­
lapping of  adjacent  bands. Below the lower l im i t s  ind ica ted  fo r  HA, HS 
and DS (Table 3 ) ,  the bands were not in tense  enough fo r  densitometr ic  
de tec t ion .  Since the a f f i n i t y  of  indiv idual  GAGs f o r  a lc ian blue i s  
d i f f e r e n t ,  the range of  each GAG shows a d i f f e r e n t  lower and upper l im i t .  
Breen e t  a l . (1970) and Saxena and Nagchuadhuri (1968) have a lso  ind ica ted  
th a t  the amount of  a lc ian  blue bound per  disaccharide  repeat ing un i t  i s  
d i f f e r e n t  fo r  each GAG, and i s  a funct ion of  the charge dens i ty  of the 
p a r t i c u l a r  d isaccharide  u n i t .
Coeff ic ien ts  of  determination fo r  HA, HS and DS represen t  means 
of the squares of  the c o r re la t io n  co e f f i c i e n t s  of  twenty-f ive standard 
curves fo r  each GAG. These c o e f f i c i e n t s  are a measure of how well a 
regression l in e  f i t s  the sample d a ta ,  with a value of  1.00 being a pe r fec t  
f i t  (Freese,  1967).
The minimal amounts o f  Ch4-S04 measurable by the Elson-Morgan 
co lo r im etr ic  determination of  hexosamine were determined by the s e n s i t i v i t y  
of the spectrophotometer.  The maximal amounts were l imited  by concentra­
t io n s  of  reagents .  Above 20.0 jag of individual  isomer there was not









C o e f f  i c i e n t  
o f
D e te r m in a t io n
HA .2 5 3 . 0 c e l l u l o s e
a c e t a t e
.9 8 7
HS .20 2 . 5 c e l l u l o s e
a c e t a t e
.9 9 0
DS .1 5 2.0 c e l l u l o s e
a c e t a t e
.9 8 8





1.0 20.0 E lso n  -  
Morgan
.9 9 7
t o t a l
GAG 10.0 1 5 0 .0 O r c in o l .9 9 7
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s u f f i c i e n t  enzyme present  in the react ion mixtures to  insure complete 
degradation o f  CS polysaccharides  in to  d isaccharide u n i t s  during the  
16 hr d igest ion  period, Sai to  e t  a l , (1968) reported departures  from 
l i n e a r i t y  in op t ica l  dens i ty  readings taken a t  d issachar ide  concentra t ions  
g re a te r  than 20.0  ;ug isomer per  reac t ion  mixture. The mean c o e f f i c i e n t s  
of  determination fo r  twenty-five  standard curves fo r  Ch4-S04 and fo r  
CI16-SO4 show the  l i n e a r  r e la t io n sh ip s  between concentrat ion of  each CS 
and op t ica l  dens i ty  a t  585 nm within the spec i f ied  ranges (Table 3).
The lower and upper l im i t s  of t o t a l  GAGs which could be measured 
by the orcinol co lo r im etr ic  determination fo r  uronic acid were l imited  
by spectrophotomer s e n s i t i v i t y .  The c o e f f i c i e n t  of determination in t h i s  
case represents  the means of  the squares of  the c o r re la t io n  c o e f f i c i e n t s  
of four  standard curves (Freese ,  1967).
Accuracy and Precision of  Methods
The accuracies  of the ce l lu lo se  ace ta te  e le c t ro p h o re t i c  procedure 
and the Elson-f4organ co lo r im e t r ic  method were determined by repeated 
ana lys is  of  varying amounts of  standard GAGs. Least squares regression 
analyses were applied to s e t s  of  data  points  from twenty-f ive standard 
curves fo r  each GAG over the ranges of  concentra t ions  spec i f ied  in 
Table 3. (See appendix Tables 1-5) .  Predic ted values fo r  one standard 
value in each standard curve considered as unknown determined from leas t  
squares regression l in e s  were compared to  actual  values to  obtain res idual  
e r ro r s  fo r  each GAG. Accuracies of the methods were then e s ta b l i sh ed  by 
determining confidence l im i t s  (Freese,  1967) fo r  the  residual  e r ro r s  of  
each standard GAG. Accuracy of  the  c e l lu lo se  ace ta te  method was -  .03>ug
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for  HA, * ,05 yiig f o r  HS and - . 0 5 ^  f o r  DS a t  the 99% confidence l e v e l ,  
and the accuracy of  the  Elson-Morgan method was * .07 >ug fo r  both (M-SO4 
and Ch6-S04 a t  the 99% confidence l ev e l .
Replicate ana lys is  of  f ive  paired a l iquo ts  of  HA, HS and DS, 
and th ree  paired  a l iquo ts  o f  (M-SO4 and CI16-SO4 were performed rou t ine ly .  
Confidence l im i t s  were e s tab l i shed  fo r  the d i f fe rences  o f  r e p l ic a te  analyses 
from the mean values fo r  a s e r i e s  o f  twenty-five r e p l ic a te  analyses as an 
es timate  of  the prec is ion  o f  the method used (See Appendix Tables 6-10).
The prec is ion  of the c e l lu lo se  ace ta te  method was * .06 >ug fo r  HA, - .09 
jug fo r  HS and - .06 jug fo r  DS a t  the 99% confidence lev e l .  The precis ion 
of the Elson-Morgan method was - .03 jug fo r  Ch4-S04 and - .04>ug for  
Ch6-S04 a t  the 99% confidence l e v e l .
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Experimental Design
The basic  experiment was designed as a 4 x 2 x 2 f a c to r i a l  in 
a randomized block design.  A diagram of  a s ing le  r e p l i c a t e  appears below.









1 day X X X X
6 week X X X X
6 month X X X X
2-3 years X X X X
Each x represen ts  the t o ta l  and the 5 individual ug GAG/mg of  dry defa t ted  
t i s s u e  fo r  one experimental u n i t .  Most r e p l i c a t e  experiments were per­
formed in a given time period during which a l l  t reatment combinations 
were analyzed p r io r  to beginning the next r e p l i c a t e .  Two to seven 
separa te  r e p l i c a t e s  of  tho rac ic  por tions  and one or  two re p l ic a te s  of  
c e l i a c  portions  of  each breed a t  each age were analyzed.
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RESULTS 
Q ua l i t a t iv e  Analysis 
Pigeon and Standard Glycosaminoglycan E lec trophore t ic  P ro f i le s
Cel lu lose ac e ta te  s t r i p s  of  GAG standards  and WC and SR thoracic  
GAG samples a t  a l l  four age groups run under the same condit ions are 
i l l u s t r a t e d  in Figure 3. Both WC and SR thorac ic  GAGs show the same e le c ­
t ro p h o re t ic  p r o f i l e s  a t  corresponding ages,  but one-day old p r o f i l e s  show 
wider,  more d i f fu se  DS and CS bands than p r o f i l e s  from the three o lder  age 
groups. However, pigeon aor ta  p r o f i l e s  are not iden t ica l  to those of  the 
s tandards .  Pigeon aor ta  HA and DS migrate the same d is tance  from the o r ig in  
as standard HA and DS re sp ec t iv e ly ,  but the pigeon aor ta  HS and CS migrate 
more slowly than standard HS and CS bands r e sp ec t iv e ly .  In add i t ion ,  the 
pigeon DS and CS bands ( p a r t i c u l a r l y  from one-day samples) are wider and 
more poorly resolved than the standard DS and CS bands. Figure 4 i l l u s t r a t e s  
these f ea tu re s  more c l e a r ly  via densi tometr ic  t rac ings  of  e le c t ro p h o re t i c a l ly  
separa ted standards  and thorac ic  ao r ta  GAGs from one-day and six-month WC 
Since the charge dens i ty  of  a o r t i c  GAGs var ies  with the species  s tudied 
(Gardias e t  a l . , 1 9 7 3 ) ,  so do the e le c t ro p h o re t i c  p r o f i l e s .  The biological  
sources of the standards used in the present  study were as follows: HA -
human umbical cord; HS - beef lung; DS - pig sk in ;  Ch4-S0^ - whale
c a r t i l a g e ;  and Ch6-S0^ - shark c a r t i l a g e .  E lec trophore t ic  analys is  of
a o r t i c  GAG from f i f t e e n  species  in a system s im i la r  to the one used in th i s
study showed several  d i f f e r e n t  e l e c t ro p h o re t i c  p r o f i l e s .  In add i t ion ,  in 
pheasants and chickens DS bands could not be separated from CS bands
F i g u r e  3 .  C e l l u l o s e  a c e t a t e  e l e c t r o p h o r e s i s  s t r i p s  showing  s t a n d a r d  and WC and SR t h o r a c i c  a o r t a  
GAG s e p a r a t i o n s .  Emb (e m b r y o n ic )  i n d i c a t e s  o n e -d a y  o l d  b i r d s ,  0  i s  t h e  o r i g i n  and 4 / 6  t h e  Ch 4 - S O . /  
Ch 6 - S 0 4 band.
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HA HS DS 4/6
F i g u r e  4 .  D e n s i t o m e t r i c  t r a c i n g s  o f  e l e c t r o p h o r e t i c m l l y  s e p a r a t e d  
GAGs. a )  o n e - d a y  o l d  t h o r a c i c  WC
b )  s i x - m o n t h  o l d  t h o r a c i c  WC
c )  s t a n d a r d s
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(Stefanovich and Aklyama, 1970); th e r e fo r e ,  n e i th e r  the  poorer re so lu ­
t ion  o f  DS -  CS bands 1n pigeons compared to  s tandard GAGs, nor the 
d i s t i n c t l y  d i f f e r e n t  overal l  e le c t ro p h o re t ic  p r o f i l e s  are  surpr is ing  
(Figures 3 and 4) .
A Second Hepar it in  Sulfa te  Species
Both SR and WC thorac ic  GAG e lec t ro p h o re t i c  p r o f i l e s  were 
q u a l i t a t i v e l y  id e n t ic a l  to  SR and WC c e l i a c  bifurcation GAG p r o f i l e s  with 
one exception.  At one day and two to  th ree  years  the WC Celiac b i furca t ion  
p r o f i l e s  show a second HS band (HS*) (Figures 5 and 6 ) not found in the 
WC c e l i a c  s i t e  of  six-week old b i rd s .  This HS' band was also  found in
one of  the two analyses of WC c e l ia c  GAGs from six-month old b i rds .  No
analyses  of  WC thorac ic  or of  SR c e l ia c  or  thorac ic  GAGs showed HS' bands.
Q uant i ta t ive  Analyses
Data i s  presented as amounts of  GAG/mg dry de fa t ted  t i s s u e  (jug/ 
mg d .d .w t . )  and as r e l a t i v e  amount o f  an individual  GAG species  (percent of  
t o t a l  GAG present  in any given sample). Comparisons of  GAG content  in 
the various breed, a o r t i c  s i t e  and age combinations are  made by examining 
age t r e n d s ,  breed d i f fe rences  and ao r ta  s i t e  d i f fe ren ces .  Age trends 
r e f e r s  to  comparisons of  GAG content  fo r  ages one day, s ix  weeks, six 
months and two to  th ree  years  fo r  each of  the following breed - s i t e  
combinations: WC-thoracic; SR-thorac ic; WC-celiac; and, SR-celiac aor ta  
s i t e s .  Breed d i f fe rences  r e f e r  to  comparisons of  WC vs.  SR a o r t i c  GAG 
content fo r  th o rac ic  vs .  th o ra c ic  a t  each age and fo r  c e l i a c  vs .  c e l i a c  a t  
each age. Aorta s i t e  d i f fe rences  are  comparisons o f  th o ra c ic  vs.  ce l iac
F i g u r e  5 .  C e l l u l o s e  a c e t a t e  e l e c t r o p h o r e s i s  s t r i p s  show ing  WC and SR tw o-  t o  t h r e e - y e a r  o l d  c e l i a c  
f o c i  GAG s e p a r a t i o n s .  Arrow i n d i c a t e s  p o s i t i o n  o f  HS' band,  0  i s  t h e  o r i g i n  and 4 / 6  t h e  Ch 4 -SO4 /
Ch 6-SO4 band.  ^
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HA HS DS 4/6
F i g u r e  6 . D e n s i t o m e t r i c  t r a c i n g  o f  e l e c t r o p h o r e t i c a l l y  s e p a r a t e d  
c e l i a c  f o c i  GAG from tw o-  t o  t h r e e - y e a r  o l d  WC. Arrow i n d i c a t e s  
p o s i t i o n  o f  HS' band.
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GAG content  in WC a t  each age and in SR a t  each age.
Total Glycosaminoglycan
Age Trends. Thoracic ao r ta s  of  WC and SR pigeons contained 
s im i la r  amounts of  GAGs a t  a l l  ages examined (Table 4) .  The means of 
a l l  four ages fo r  WC and f o r  SR thorac ic  GAG content are 21.67 and 20.10 
>ug/mg d .d .wt .  r e sp ec t iv e ly .  Total GAG in the c e l i a c  focus near ly  doubles 
in both breeds between one day and s ix  weeks of  age. At subsequent ages 
in SR the re  i s  a s l i g h t  d ec l in e ,  while in WC, to t a l  GAG increases  be­
tween s ix  weeks and s ix  months, but decreases between s ix  months and 
two to  three  years  of  age (Figure 7).
Breed Dif ferences . At a l l  ages examined WC and SR thoracic  
ao r ta  segments showed s im i la r  GAG content  but WC c e l i a c  segments contained 
more t o t a l  GAG than SR c e l ia c  segments a t  corresponding ages.  The la rg e s t  
d i f fe rences  in Aig/mg d.d.wt were seen between c e l i a c  foci a t  six-months 
(7.99) and two to three years  (4.06) (Figure 7).
Aorta S i te  D if fe rences . At a l l  four  ages in both breeds the 
th o ra c ic  segments contain more to t a l  GAGs than the ce l iac  segments. Dif­
ferences between one-day old tho rac ic  and c e l i a c  GAG in WC and SR are 
the l a rg e s t  a t  14.38 and 14.95 jug/mg d .d .w t .  re spec t ive ly .
Hyaluronic Acid
Age Trends. In both breeds a t  both s i t e s ,  the amount and pe r ­
cent o f  ao r ta  HA decl ines  between one day and s ix  weeks of age but then 
increases  (Table 5 ) .  While WC thorac ic  ao r tas  show no d i f fe rence  in HA
Table 4 . T o ta l  Glycosaminoglycans in  White Carneau and Show Racer
Aortas.
WC WC SR SR
AGE THORACIC CELIAC THORACIC CELIAC
a
o n e  day 2 3 . 3 5 + 2 . 2 0 8 . 9 7 2 2 . 3 0 + 1 . 8 2 7 . 3 5
b
5 1 2 1
s i x  weeks 2 0 . 7 6 + 1 . 4 6 1 5 . 4 2 1 9 . 4 1 + 2 . 3 4 1 3 . 0 3
7 1 6 1
s i x  months 2 0 . 5 4 + 2 . 0 0 1 9 . 1 6 1 8 . 8 3 + 1 . 2 1 1 1 . 1 7 + 1 . 2 1
7 1 7 2
two t o 2 2 . 0 2 + 0 . 8 3 1 5 . 9 4 1 9 . 8 4 + 1 . 0 5 11.88
t h r e e  y e a r s
5 1 4 1
A r i t h m e t i c  means + SEM e x p r e s s e d  a s  jug/mg dry d e f a t t e d  t i s s u e .
b
Number o f  p o o l s  a n a l y z e d .
J _ _ l _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ L
l d a y  6 w k  6 m o  l y r  2 y r
a g e
F i g u r e  7 .  T o t a l  G l y c o s a m i n o g ly c a n  C o n ten t  o f  White  Carneau ( ■  ) and Show Racer ( #  ) 
C e l i a c  F o c i  at  Four A g e s .
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between one day and two to  three y ea r s ,  WC c e l i a c  and SR thorac ic  and 
c e l iac  a o r t i c  segments have le ss  HA a t  two to  three  years  than in the 
embryo.
Breed Differences , Thoracic HA contents  in WC and SR are 
s im i la r  a t  a l l  ages except a t  two to  th ree years  where the th o ra c ic  HA 
content  in WC i s  g rea te r  than th a t  of  SR. While c e l i a c  HA contents  
(Aig/mg d .d .w t . )  in WC and in SR are s im i la r  a t  a l l  corresponding ages, 
the percent  contr ibuted  by HA in SR one-day c e l i a c  i s  g re a te r  than in 
WC.
Aorta S i te  Dif ferences . Comparisons of  amounts of  the  individual  
GAGs in tho rac ic  vs c e l iac  segments are no t  meaningful since tho rac ic  
a o r t i c  segments contain more t o t a l  GAG than c e l iac  segments in both 
breeds a t  a l l  ages. However, comparison of the r e l a t i v e  percent  HA 
in thorac ic  vs. ce l iac  a o r t i c  segments shows su b s tan t ia l  d i f fe rences  a t  
one day of age in both breeds,  with 30-405£of the t o t a l  GAG in the c e l i a c  
being HA. However, in WC by two to three years  th o ra c ic  aor ta  segments 
contain more HA than c e l ia c  segments.
Hepari t in  Sulfa te
Age Trends. The amount and percent  o f  HS in th o ra c ic  ao r ta s  of  
both breeds increases  only s l i g h t l y  between one day and s ix  weeks and 
t h e r e a f t e r  remains near ly  constant (Table 6) .  The amount and percent of 
HS in SR c e l i a c  a o r t i c  segments increases  sharply  between one day and s ix  
weeks, and then remains approximately c o n s ta n t ,  while the amount of  HS 
in WC c e l i a c  segments a l so  shows a sharp increase  between one day and 
s ix  weeks and subsequently remain near ly  constant  but the r e l a t i v e  percent









2 . 7 5 + . 2 4 a 2 . 7 0 2 . 6 3 ± . 4 3 2 . 9 1
one day ( 1 2 . 1+1 . 7 ) b ( 3 0 . 1 ) ( 1 2 . 5 + 1 . 9 ) ( 3 9 . 5 )
c
5 1 2 1
1 . 5 9 + . 2 0 0 . 6 2 0 . 9 9 + . 1 8 0 . 6 4
s i x  weeks ( 7 . 7 + >9) ( 4 . 0 ) ( 5 . 0 + . 6 ) ( 4 . 9 )
7 1 6 1
1 . 6 4 + . 2 8 0 . 9 5 + . 2 2 1 . 6 2 + . 1 1 0 . 5 3 + . 3 1
s i x  months ( 7 . 7 + . 9 ) ( 5 . 0 ) ( 8 . 0 + . 6 ) ( 5 . 1 ± 3 . 3 )
7 2 7 2
2 . 8 5 + . 1 5 1.11 1 . 9 2 + . 1 6 0 . 8 5
two t o ( 1 3 . 0 + . 7 ) ( 6 . 9 ) ( 9 . 7 + . 8 ) ( 7 . 1 )
t h r e e  y e a r s
5 1 4 1
a
A r i t h m e t i c  means + SEM e x p r e s s e d  a s  jug/tng  dry  d e f a t t e d  t i s s u e .
b
R e l a t i v e  p e r c e n t s , ( H A / t o t a l  GAG x 1 0 0 ) .  
c
Number o f  p oo ls  analyzed.
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1 . 6 0 + . 2 3 a 2 . 6 1 d 2 . 9 1 + 1 . 1 3 1.68
one day ( 7 . 0 + 1 . 4 ) b 
_c
( 2 9 . 1 ) ( 8 . 4 + 3 . 9 ) ( 2 2 . 9 )
5 1 2 1
2 . 5 0 + . 1 8 3 . 9 2 3 . 4 0 + . 5 7 4 . 5 0
s i x  weeks ( 1 2 . 4 + 1 . 2 ) ( 2 5 . 4 ) ( 1 7 . 6 + 1 . 8 ) ( 3 4 . 5 )
7 1 6 1
2 . 5 6 + . 1 3 3 . 5 9 + . 0 1 6 2 . 8 9 + . 2 2 3 . 8 1 + . 2 8
s i x  months ( 1 3 . 3 + 1 . 6 ) ( 1 8 . 7 ) ( 1 4 . 5 + 1 . 6 ) ( 3 4 . 3 + 1 . 3 )
7 2 7 2
2 . 3 9 + . 1 1 3 . 9 6 f 2 . 5 8 + . 0 9 4 . 1 8
two t o  
t h r e e  y e a r s
( 1 0 . 8+ . 1 ) ( 2 4 . 8 ) ( 1 3 . 1 + . 9 ) ( 3 5 . 2 )
5 1 4 1
A r i t h m e t i c  means + SEM e x p r e s s e d  as  jug/mg  dry d e f a t t e d  t i s s u e .
b
R e l a t i v e  p e r c e n t s , ( H S / t o t a l  GAG x 1 0 0 ) .
c
Number o f  P o o l s  A n a l y z e d .
d
V a l u e s  r e p r e s e n t  HS + HS* ( 1.51jug HS + 1 . 1 0  HS' ; 16.8%HS + 12.3%HS') .
e
One r e p l i c a t e  c o n t a i n e d  o n l y  HS ( 3 . 6 0  jug) w h i l e  t h e  s e c o n d  c o n t a i n e d  
b o t h  HS and HS• ( 2 . 2 7  ;ug HS + 1 . 3 0  p g  HS•;  12.3%HS + 7 .1% HS') .
f
V a l u e s  r e p r e s e n t  HS + HS’ ( 2 . 8 9  jug HS + 1 . 0 7  n g  HS’ ; 18.0%HS + 6 . 8% 
HS’ ) .
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HS shows a decrease between one day and s ix  months and an increase  by 
two-to three  years  of  age (Figure 8 ) .  When examined s ep a ra te ly  from 
t o t a l  HS the amount o f  HS in WC c e l i a c  segments increases  between one 
day and two to  th ree  years  of  age, while the amount o f  HS' s tays  the  
same. The r a t i o  of  HS:HS' th e re fo re  i s  1.4:1 a t  one day, 1.7:1 a t  six.  
months and 2.7:1 a t  two to  th ree  yea rs ,  thus  HS' a c tu a l ly  makes up a 
smaller  proport ion o f  WC to t a l  ce l iac  HS as a function of  age.
Breed Dif ferences . With the exception of one-day c e l i a c  segments, 
SR contain more HS than WC a t  corresponding s i t e s  and ages . In genera l ,  
d i f fe rences  in percent HS are more s t r i k in g  than d i f fe rences  in amount.
Aorta S i te  D ifferences . In e i t h e r  breed, comparisons of  percent 
HS between th o ra c ic  and c e l i a c  a t  corresponding ages show t h a t  c e l i a c  
a o r t i c  segments contain on an average 2.45 times g rea te r  proportion o f  HS 
than do tho rac ic  segments.
Dermatan Sulfa te
Age Trends. The p r o f i l e  of amounts o f  DS with age in th o ra c ic  
ao r ta s  of  SR shows a small decl ine between one day and s ix  weeks but 
t h e r e a f t e r  remains approximately the same (Table 7 ) ,  while the  p r o f i l e  
of  DS in WC th o rac ic  ao r ta s  remains near ly  constant a t  a l l  ages . Regard­
le ss  of  breed or age, tho rac ic  DS content  i s  approximately 14%. While 
c e l i a c  p r o f i l e s  of  amount of DS with age in e i t h e r  breed show no subs tan t ia l  
changes, the  r e l a t i v e  percent DS a t  one day i s  two times t h a t  o f  any o ther  
age.
Breed Dif ferences . The amount of  DS in W.C ao r ta s  a t  e i t h e r  s i t e  









1 d a y  6 w k 6 m o lYr 2yr
a g e
F i g u r e  8 . R e l a t i v e  P e r c e n t s  o f  H e p a r i t i n  S u l f a t e  ( H S / t o t a l  GAG x  1 0 0 )  i n  W hit e  Carneau ( II  ) 
and Show Racer ( #  ) C e l i a c  F o c i  a t  Four A g e s .
In
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3 . 4 2 + . 3 6 a 2 . 2 4 3 . 68+.  85 2 . 0 6
one day ( 1 5 . 1  + 2 . 4 ^ ( 2 5 . 0 ) ( 1 4 . 2 + 4 . 6 ) ( 2 8 . 0 )
_  5 C 1 2 1
2 . 8 7 + . 3 6 1 . 7 9 2 . 3 4 + . 2 4 2 . 0 3
s i x  weeks ( 1 4 . 0 + 1 . 5 ) ( 1 1 . 6 ) ( 1 2 . 6 + 1 . 5 ) ( 1 5 . 6 )
7 1 6 1
2 . 7 3 + . 4 0 1 . 7 3 + . 5 9 2 . 7 0 + . 3 0 1 . 5 6 + . 2 3
s i x  months ( 1 3 . 4 + 1 . 8 ) ( 9 . 0 ) ( 1 3 . 7 * 2 . 1 ) ( 1 4 . 4 + 3 . 7 )
7 2 7 2
3 . 2 3 + . 3 5 1 . 8 9 2 . 7 1 + . 2 9 1.66
two t o ( 1 4 . 8 + 2 . 0 ) ( 1 1 . 9 ) ( 1 3 . 7 + 1 . 3 ) ( 1 4 . 0 )
t h r e e  y e a r s 5 1 4 1
A r i t h m e t i c  means + SEM e x p r e s s e d  as  jug/mg dry  d e f a t t e d  t i s s u e .
b
R e l a t i v e  p e r c e n t s , ( D S / t o t a l  GAG x 1 0 0 ) .
c
Number o f  p oo ls  analyzed.
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Aorta S i t e  D if fe rences . A comparison of  percent  tho rac ic  DS with c e l i a c  
DS within e i t h e r  breed shows th a t  only a t  one age do c e l ia c  ao r ta  segments 
contain a s u b s t a n t i a l l y  d i f f e r e n t  proportion of  DS than thorac ic  ao r ta s .
At one day o f  age WC and SR c e l i a c  foci show 1.7 and 2 .0  times the r e l a t i v e  
percent  DS re sp ec t iv e ly  than corresponding th o ra c ic  aor ta  segments.
Chondroitin 4-Sulfa te
Age Trends. Age p r o f i l e s  of  Ch 4-SO4 content (amount and percent)  
were highly var iab le  (Table 8) .  Both WC thorac ic  and c e l ia c  and SR 
tho ra c ic  ao r ta s  show a ne t  decrease in Ch 4-SO4 content by two to  th ree  
years  of  age, while the converse i s  t ru e  fo r  SR c e l i a c  Ch 4-SO4 content .
I t  i s  not possib le  to  complete the age p r o f i l e  fo r  Ch 4 -SO4 in the c e l i a c  
s i t e  s ince one-day WC and SR c e l i a c  foci sample pools were too small to  
allow an Elson-Morgan separat ion of Ch 4-SO4 from Ch 6-SO4 . Ins tead ,  
dens itometr ic  scanning o f  c e l lu lo se  ace ta te  s t r i p s  was used to q u an t i t a te  
t o t a l  Ch 4/ 6-SO4 present  (Table 9).
Breed Dif fe rences . A comparison of WC th o rac ic  and SR thorac ic  
Ch 4 -SO4 contents  a t  corresponding ages shows no appreciable  d i f fe ren ces .  
However in WC c e l i a c  vs .  SR c e l i a c  comparisons, WC contain l a rg e r  q u a n t i t i e s  
of  Ch 4-SO4 (both jug/mg d .d .w t .  and percent)  than SR a t  six weeks and a t  
s ix  months, while the  converse i s  t ru e  a t  two to  th ree  years  o f  age 
(Figure 9).
Aorta S i te  D if fe rences . Comparisons of  percent  Ch4-S04 between 
tho ra c ic  and c e l i a c  s i t e s  within e i t h e r  breed a t  corresponding ages were
v a r iab le .  White Cameau thorac ic  ao r ta s  contain approximately the same 
amounts of  Ch4-S04 as do c e l i a c  a o r t i c  segments a t  six-weeks and a t  two-
Table 8 . Chondroitin  4 - S u l f a t e  in  White Carneau and Show Racer Aort
WC WC SR SR
AGE THORACIC CELIAC THORACIC CELIAC
3 . 8 2 + . 9 2 * d 2 . 7 9 +.66 _d
one day
vb
( 1 5 . 2 + 2 . 1 )
5 c
( 1 2 . 4 + 2 . 0 )
2
3 . 5 4 + . 6 1 2 . 6 3 3 . 9 4 + . 6 3 0 . 8 1
s i x  weeks 0 6 . 8 + 2 . 2 ) ( 1 7 . 1 ) ( 1 8 . 0 + 1 . 5 ) ( 6 . 3 )
7 1 6 1
3 . 4 8 + . 6 2 4 . 2 3 3 . 8 3 + 1 . 0 5 0 . 7 4 + . 1 0
s i x  months ( 1 6 . 1 + 1 . 7 ) ( 2 2 . 1 ) ( 1 7 . 4 + 4 . 0 ) ( 6 . 6± . 4 )
7 1 7 2
2 . 3 0 + . 4 2 1 . 5 1 1 . 8 5 + . 4 5 2.21
two t o ( 1 0 . 4 + 1 . 8 ) ( 9 . 5 ) ( 9 . 3 + 2 . 1 ) ( 1 8 . 6 )
t h r e e  y e a r s
5 1 4 1
A r i t h m e t i c  means + SBM e x p r e s s e d  a s  jug/mg dry d e f a t t e d  t i s s u e ,  
b
R e l a t i v e  p e r c e n t s , ( C h  4 - S O „ / t o t a l  GAG x 1 0 0 ) .  
c 4
Number o f  p o o l s  a n a l y z e d .
d














6 w k 6  mo lYr 
a g e
F i g u r e  9 .  Amounts o f  C h o n d r o i t i n  4 - S u l f a t e  i n  White  Carneau ( 
C e l i a c  F o c i  a t  Three A g e s .
2Yr
) and Show Racer ( #  )
o>to
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to  three  years  but c e l ia c  segments contain more Ch4-S0^ than thorac ic  
segments a t  s ix  months of  age. Show Racer thorac ic  aor tas  contained 
la rg e r  r e l a t i v e  amounts of  Ch4-S04 a t  s ix  weeks and s ix  months (2.9 
and 2.6  x respec t ive ly )  than ce l iac  s i t e s ,  while a t  two to three years  the 
converse was t ru e .
Chondroitin 6-Su lfa te
Age Trends. P ro f i le s  of  Ch6-S04 content  within the tho rac ic  aor ta  
of  e i t h e r  WC or SR show l i t t l e  change with age, and Ch6-S0^ is  present  in 
large amounts compared to the o ther  GAGs, c o n s t i tu t in g  roughly 50% of 
to ta l  thorac ic  GAG in both breeds (Table 9 ) .  The WC ce l iac  Ch6-S0^ 
p ro f i l e  shows a decis ive  increase between one day and s ix  weeks but remains 
approximately constant  a t  subsequent ages. The SR ce l iac  p r o f i l e  also 
shows a marked increase between one day and s ix  weeks and then remains 
nearly  constant un t i l  s ix  months when i t  decl ines  s l i g h t l y  (Table 9 and 
Figure 10).
Breed D if fe rences . While WC thorac ic  and SR thorac ic  aor tas  a t  
corresponding ages show very s im i la r  amounts and percents of  Ch6-S0^,WC 
ce l iac  Ch6-S0^ content  is  c o n s is ten t ly  higher than th a t  of  corresponding 
SR a t  a l l  four  ages ,  p a r t i c u la r ly  a t  two to three  years  (2.5 x amount,
1.9 x %) (Table 9 and Figure 10).
Aorta S i te  D if fe rences . The r e l a t i v e  percents of  Ch6-S0^ are nearly  
equal between WC thorac ic  and ce l iac  segments a t  a l l  ages other  than one 
day where the thorac ic  proportion of  Ch6-S04 i s  3.4 times t h a t  of  the 
c e l i a c .  (The WC and the SR c e l iac  data presented fo r  Ch6-S0^ in embryos 
in Table 9 a c tu a l ly  represents  a mixture of  Ch4-S0^ and Ch6-S0^ isomers).
Table 9 . C hondroitin  6 -S u lfa te  in  White Carneau and Show Racer Aort
WC WC SR SR
AGE THORACIC CELIAC THORACIC CELIAC
1 2 . 4 9 + 1 . 3 l
d
1 . 4 2 1 1 . 4 8 + 2 . 1 4
d
0 . 7 0
one day ( 5 3 . 2 + 3 . 4 ) b ( 1 5 . 8 ) ( 5 2 . 5 + 1 2 . 4 ) ( 9 . 6 )
c
5 1 2 1
1 0 . 2 7 + 1 . 1 3 6 . 4 7 9 . 9 4 + 1 . 1 2 5 . 0 4
s i x  we ek s ( 4 9 . 0 + 3 . 4 ) ( 4 2 . 0 ) ( 5 1 . 9 + 2 . 7 ) ( 3 8 . 7 )
7 1 6 1
1 0 . 1 8 + 1 . 2 2 8 . 66+.10 9 . 5 5 + . 5 7 4 . 5 3 * 1 . 3 6
s i x  months
( 4 9 . 4 + 3 . 1 ) ( 4 5 . 2 ) ( 4 6 . 4 + 1 . 3 ) ( 3 9 . 7 + 7 . 9 )
7 2 7 2
1 1 . 2 4 + . 6 9 7 . 4 7 1 0 . 79+.88 2 . 9 9
two t o ( 5 1 . 0 + 2 . 3 ) ( 4 6 . 9 ) ( 5 4 . 2 + 2 . 0 ) ( 2 5 . 1 )
t h r e e  y e a r
5 1 4 1
A r i t h m e t i c  means + SEM e x p r e s s e d  as ;ug/mg dry d e f a t t e d  t i s s u e .
b
R e l a t i v e  p e r c e n t s , ( C h  6 -SO / t o t a l  GAG x 1 0 0 ) .  
c 4
Number o f  p o o l s  a n a l y z e d .
d
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F i g u r e  10 .  Amounts o f  C h o n d r o i t i n  6 - S u l f a t e  i n  White  Carneau ( ■  ) and Show Racer ( 0  ) 




A comparison of  the  r e l a t i v e  percent Ch6-S04 between SR thorac ic  and 
c e l i a c  ao r ta  segments shows near ly  equal proport ions of  Ch6-S04 a t  s ix  
months of age but l a rg e r  r e l a t i v e  q u a n t i t i e s  of  Ch6-SC>4 in th o ra c ic  a t  
one-day (5.5 x ) , s ix  weeks (1.3 x) and two to  th ree  years  (2.2 x).
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DISCUSSION 
Q ua l i ta t ive  Analysis 
Pigeon and Standard Glycosaminoglycan Elec trophore t ic  Species
Since the s t ru c tu re  o f  a GAG may vary,  depending upon species  and 
t i s s u e  of o r ig i n ,  i t  was not su rp r i s ing  t h a t  pigeon aor ta  HS and CS did 
not  co-e lectrophorese  with standard HS and CS re spec t ive ly  (Figures 3 and 
4 ) .  Heparit in  s u l f a t e  from pigeon thorac ic  a o r t a ,  l ike  t h a t  i so la te d  
from human aor ta  (C ifone l l i  and King, 1970) had a r e l a t i v e l y  slow 
e le c t ro p h o re t i c  mobil i ty  compared to  the beef lung HS used as standard .
The slower mobil i ty  of  pigeon aor ta  HS may be due to the presence of non- 
su l f a te d  d isacchar ide  repea t ing  u n i t s  within the molecule,  t o  a low 
N-S04 .*0-S04 r a t i o ,  or to  fewer L-iduronic acid-conta in ing  d isacchar ides .
The slower mobil i ty  o f  pigeon CS r e l a t i v e  to  standard CS may be 
the r e s u l t  o f  several f a c t o r s .  The standard CS band was a 50:50 mixture 
o f  whale c a r t i l a g e  Ch4-S04 and shark c a r t i l a g e  Ch6-S04 , and also had a 
d i f f e r e n t  Ch4-S04 :Ch6-S04 r a t i o  than pigeon aor ta  CS. (Most pigeon CS 
bands were predominantly CI16-SO4 ) .  Some h e te r o g e n e i ty ^  s i t e  and 
ex ten t  of  s u l f a t io n  i s  l i k e l y  in pigeon CS isomers,  as well as in the 
presence of  L-iduronic acid-N-acetyl  galactosamine-su lfa te  d issaccar ides  
1n addi t ion  to  normal D-glucuronic acid-N-acetyl  galactosamine-sulfa te  
d isacchar ides .  Hybrid copolymers of  CS-DS such as those found by Malmstrom 
e t  a l .  (1975) may a lso  account f o r  the slow migration of  pigeon CS and 
the poor re so lu t ion  of  DS-CS bands r e l a t i v e  to  s tandards .  The f a c t  t h a t  
one-day old pigeon GAG e lec t ro p h o re t i c  p r o f i l e s  show the poorest  DS-CS
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r e so lu t ion  may be in d ica t iv e  of  lack o f  b iosyn the t ic  s p e c i f i c i t y  a t  t h i s  
e a r ly  stage in development. By s ix  weeks of age the separat ion of  DS from 
CS improves,suggesting less  heterogenei ty  in the GAGs synthesized a t  
t h i s  age. No f u r th e r  changes occur in e l ec t ro p h o re t ic  p r o f i l e s  a f t e r  
s ix  weeks of  age, perhaps because the maturation of  GAG biosyn the t ic  
pathways in pigeon thorac ic  aor ta  i s  complete by t h i s  age. I t  i s  i n t e r ­
e s t in g  to note t h a t  pigeon thorac ic  aor tas  have reached almost fu l l  s ize  by 
s ix  weeks of  age.
A Second Heparit in  Su lfa te  Species
The unique presence of a second type of  HS,HS', in the ce l iac  b i ­
fu rca t ions  of  WC pigeons (not in WC thorac ic  aor tas  or in SR a t  e i t h e r  
s i t e )  may be of  s ig n i f ic an ce .  Since the ce l iac  focus i s  the predisposed 
s i t e  of  a th e ro sc le ro t i c  les ion  formation,  and since  WC are more prone to 
developing les ions  than are SR, the presence of HS' in the ce l iac  foci 
of  WC could play a ro le  in a therogenes is .  Hepar it in  s u l f a t e 'h a s  a higher 
e le c t ro p h o re t ic  mobil i ty  than i t s  normal HS counterpar t  (Figures 5 and 6) ,  
a c h a r a c t e r i s t i c  which could be due to a higher s u l f a t e  content  or to the 
presence of  L-iduronic acid moie t ies .  I f  HS' i s  an oversu lfa ted  form of  
HS, the pos i t ion  of these addi t ional  s u l f a t e  groups (0-S0g or  N-SO^) 
would influence i t s  physiological  p ro p e r t i e s .  An increase  in N-SCL in 
HS1 would r e s u l t  in increased l ip opro te in  lipase a c t iv a t in g  e f f e c t s  and 
an t icoagulan t  a c t i v i t y  (Grossman and C i f o n e l l i ,1962) by t h i s  spec ies ,  
both of  which would r e ta rd  a therogenes is .  Conversely, the presence of 
addi t ional  s u l f a t e  groups in HS' may promote a therogenesis  since the negative
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charge of  the  GAGs i s  responsib le  fo r  promoting GAG-LDL and-VLDL i n t e r ­
act ions  (Berenson e t  a l , 1971; Amenta and Waters, 1960; I v e r iu s ,  1972 
and o th e r s ) .  Srinivasan e t  a l .  (1970) showed t h a t  HS had the highest  
a f f i n i t y  fo r  VLDL and LDL o f  a l l  GAGs t e s t e d ,  and suggested t h a t  t h i s  
was due s p e c i f i c a l l y  to  the N-SO4 content  of  HS (compared to  the O-SO4 
found in o ther  a o r t i c  GAGs). I f  HS plays a ro le  in c e l l  d iv is ion  (Kraemer 
and Tobey, 1972), then the presence of  a va r ian t  HS' a t  the surface of 
WC c e l i a c  smooth muscle c e l l s  may f a c i l i t a t e  the  focal p r o l i f e r a t i o n  of 
smooth muscle c e l l s  which i s  a p r e re q u i s i t e  fo r  les ion  formation a t  t h i s  
s i t e .  This idea i s  supported by the hypothesis of  Bendit t  and Bendit t
(1973) which s t a t e s  t h a t  the smooth muscle c e l l s  found in a th e r o s c le r o t i c  
les ions  are a c tu a l ly  transformed c e l l  popula t ions ,  and transformed c e l l s  
synthesize va r ian t  forms o f  HS (Satoh e t  a l . ,  1973 and Satoh e t  a l . ,  1974).
Why HS' was detected  a t  one day of  age, a t  two to  th ree  yea rs ,  
and in one of  two six-month c e l i a c  pools and not  a t  s ix  weeks of  age i s  
d i f f i c u l t  to  exp la in .  The small s ize  of  c e l i a c  segments made analyses of  
several r e p l ic a te  pools impossible ,  and furthermore an HS' p r o f i l e  with 
age in indiv idual  b irds  could not be determined. However, i f  HS' i s  i n ­
volved in a therogenesis  then i t s  presence as e a r ly  as one-day of  age a t  
the c e l ia c  s i t e  implies a genet ic  p red ispos i t ion  to  a th e ro sc le ro s i s  in 
WC pigeons, and an undetermined ro le  fo r  HS' in e a r ly  a therogenesis .
I t  i s  possib le  t h a t  some individual  c e l ia c  segments contain only
HS o r  HS' r a th e r  than a mixture of  the two, but s ince 1-day old pools
represen t  more than th re e  hundred segments and each pool of  o lder  age
groups, more than twenty-f ive  segments, ana lys is  o f  indiv idual  c e l i a c
segments to  t e s t  t h i s  hypothesis i s  obviously impossible with av a i lab le  
methodology.
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Quantitat ive  Analyses
In previous s tud ies  which have employed the model system of 
Santerre  e t  a l . (1972) to study changes in p roper t ie s  or composition of 
the blood vessel wall occurring as a funct ion of  age or a therogenesis ,  
the following types of comparisons were made: WC thorac ic  vs.  SR tho rac ic ;  
thorac ic  vs.  c e l i a c  within each breed and WC vs. SR c e l i a c .  Lipid 
and collagen con ten ts ,  enzyme a c t i v i t i e s  and r e sp i r a to ry  control  r a t io s  
in SR and WC thorac ic  aor tas  were comparable a t  various ages and were 
considered rep re sen ta t iv e  of the normal aging process in both breeds 
(N ico los i , Santerre  and Smith,1972;Santer re ,Nicolosi  and Smith,1974; 
Subbiah,Kottke and C ar lo ,1974 and St.Clair,Toma and Lofland,1975). Com­
parisons between thorac ic  and c e l i a c  s i t e s  in WC a t  various ages,however 
showed d i f f e ren ces .  Age p r o f i l e s  of  the thorac ic  segments were considered 
c h a r a c t e r i s t i c  of  normal aging,  while the changes in ce l iac  segments were 
considered c h a r a c t e r i s t i c  of  a th e ro sc le ro t i c  degenerat ion.  Similar  com­
parisons between thorac ic  and c e l i a c  s i t e s  in SR up to one year  of  age 
a lso  showed d i f fe rences  due to aging and a therogenes is ,  but a f t e r  one 
year  SR ce l iac  s i t e s  degenerate a t  a much slower r a t e  than WC and fu r th e r  
changes a t  t h i s  s i t e  are  much le s s  ev iden t(San te r re  e t  a l . , 1 9 7 2 ) .  (In 
comparable s tud ies  of  a o r t i c  GAG in species  o ther  than pigeons, changes in 
GAG p r o f i l e s  of  uninvolved and involved segments were also c h a r a c t e r i s t i c  
o f  aging and le s ion  progression re sp ec t iv e ly  [V e l ican ,1974;Kumar e t  a l . ,  
1967a and Kumar e t  a l . ,1 9 6 7 b ] ) .
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F in a l ly ,  the most pronounced d i f fe rences  were found in compari­
sons made betv/een WC and SR c e l iac  segments and were considered in d ica t iv e  
of  the d i f f e r e n t  s u s c e p t i b i l i t i e s  o f  these  breeds to  a th e ro sc le ro s i s  
(Nicolosi e t  a l . ,  1972; Santerre  e t  a l . ,  1974; Subbiah, e t  a l . ,  1974 and 
S t .  Cla ir  e t  a l . ,  1975).
In the  discussion which follows ,GAG p r o f i l e s  with age in tho rac ic  
segments are considered c h a r a c t e r i s t i c  o f  the normal aging process ,  while 
those in c e l i a c  segments o f  WC are considered c h a r a c t e r i s t i c  of  a th e ro ­
genes is .
Total Glycosaminoglycans
Age Trends. In agreement with the work of Kumar e t  a l .  (1967a) 
and Schmidt and Dmochowski (1964a),  no appreciable  changes in t o t a l  GAG 
content  of  th o ra c ic  ao r ta s  with age (Table 4) were found. White Cameau 
c e l i a c  segments however, showed progressive increases  in t o ta l  GAG by s ix -  
weeks and s ix  months of  age (Figure 7).  This increase  in a o r t i c  GAG p r io r  
to  the  onset  o f  f a t t y  s t reaks  i s  c h a r a c t e r i s t i c  o f  the a th e r o s c le r o t i c  
d isease  process (Velican, 1974; Kumar e t  a l . ,  1967b; Wagh e t  a l . ,  1973 
and Hollander e t  a l . ,  1968). The decline in a o r t i c  GAG content in WC 
c e l i a c  segments by th ree  years  of age agrees with the previous work of  
Bottcher  and Klynstra  (1962) which showed a decrease in a o r t i c  GAG as the 
les ion developed pas t  the f a t t y  s t reak  stage of  the  d isease .  (Most t h r e e - 
year  old WC pigeons posess well developed macroscopic c e l i a c  les ions
while th re e -y ea r  old SR e x h ib i t  v i r t u a l l y  no l e s io n s ) .  I t  i s  i n t e r e s t ­
ing to  note t h a t  while SR c e l ia c  segments show an increase in GAG content  
between one day and s ix  weeks of  age t h i s  value dec l ines  by s ix  months of
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age. The absence of  f u r th e r  increases  in GAG in SR c e l i a c  segments may 
be p a r t i a l l y  responsible fo r  the re s i s ta nce  of  t h i s  breed to a th e ro sc le ro s i s  
(Figure 7).
Santerre  e t  a l . (1972) showed l i t t l e  d i f fe rence  between the  two 
breeds up to  one year  of age in incidence,  locat ion or his topathology of 
a th e ro sc le ro t i c  le s ions .  After  one year  however, SR had a much lower 
lesion s e v e r i ty  index than WC a t  the c e l ia c  b i fu rc a t io n .
Breed Differences. Absence of  d i f fe rences  between WC and SR 
thorac ic  aor ta  GAG content a t  a l l  ages examined was expected, s ince n e i th e r  
breed developes les ions  in the tho rac ic  segment. Celiac segments of  
WC however, p a r t i c u l a r l y  a t  s ix  months and two to  th ree  years  of  age 
contained l a rg e r  q u a n t i t i e s  of  GAG than SR, thus support ing the c o r r e l a ­
t ion  between amount of a o r t i c  GAG and species  s u s c e p t i b i l i t y  reported by 
previous workers (Robinson e t  a l . ,  1975; Gero e t  a l . ,  1973; Mullinger 
and Manley, 1969 and Gardias e t  a l . ,  1973) (Figure 7) .
Aorta S i te  D if ferences . Despite t h e i r  higher GAG content  th o ra c ic  
ao r tas  do not develop le s io n s ,  which implies t h a t  f a c to r s  o ther  than mere­
ly  quan t i ty  of  GAG play a p a r t  in the atherogenic  process occurring a t  
the c e l i a c  fo c i .  Thoracic and c e l i a c  segments are d i f f e r e n t  in organiza­
t i o n ,  the l a t e r  being more muscular and the former more e l a s t i c  in n a tu re .  
Nanov e t  a l . (1974); Souadjian e t  a l .  (1969) and Stefanovich andAkiyama 
(1970) not only reported l a r g e r  q u a n t i t i e s  of  GAG in e l a s t i c  ao r ta s  than 
in muscular a o r t a s ,  but a lso  found les ions  in d i s t a l  but no t  proximal 
por t ions  of  the  ao r ta  (proximal por t ions  of the ao r ta  are more e l a s t i c  
than d i s t a l  p o r t io n s ) .
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Haemodynamic i r r e g u l a r i t i e s  and anoxia may cause local  metabolic 
dis turbances  a t  the ce l iac  s i t e .  Smooth muscle c e l l s  within the cushion 
could then respond by e labo ra t ing  types  of GAGs q u a l i t a t i v e l y  d i s t i n c t  
from those p resen t  in tho rac ic  a o r t a .  (This i s  c e r t a i n l y  the case in the 
present  study with reference to  HS' and the percents  of  t o t a l  HS and 
C I16-SO4 found in c e l i a c  segments.)  I f  the  c e l l s  of  the  th o ra c ic  and 
c e l i a c  segments possess d i f f e r e n t  e x t r a c e l l u l a r  environments,  then e x t r a ­
c e l l u l a r  GAGs could in turn a f f e c t  the metabolic cap ac i t i e s  fo r  growth, 
r e p a i r  and remodeling in these two s i t e s  d i f f e r e n t l y .  Furthermore GAGs 
in the e x t r a c e l l u l a r  space which bind l i p i d  may p resen t  an addi t ional  
challenge to  c e l i a c  c e l l s  because of  the unique a r t e r i a l  s t r u c tu re  
( a rc h i t e c tu re )  a t  t h i s  s i t e  (described on page 8 4 ) .
Hyaluronic Acid
Age Trends. The decrease in HA content in SR thorac ic  ao r ta s  be­
tween one-day and two to  th ree years  (Table 5) o f  age agrees with the 
major i ty  of  r e p o r t s ,  which show decreases in a o r t i c  HA content with age 
(Meyer, 1969 and Muir, 1964). The decrease and subsequent increase  in 
WC tho rac ic  HA content i s  a typ ica l  but s im i la r  to  the f indings  of  Vijayakumar 
e t  a l . (1975). The r e l a t i v e ly  high proportion of  HA in c e l i ac  foci a t  
one day o f  age (>30%) found in both breeds i s  unusual compared to  previous 
s tud ies  (Schmidt and Dmochowski, 1964a; Nakamura e t  a l . ,  1971 and Klynstra 
e t  a l , ,  1967) which showed only about 10% a o r t i c  HA conten t .  However, 
s ince  these  s tud ies  did not  analyze predisposed branch poin ts  within the 
tho ra c ic  aor ta  s e p a ra te ly ,  any large focal concentra t ions  of HA may have 
been obscured. The la rge  ce l iac  content  o f  HA a t  one-day of  age i s  consis -
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t e n t  with the  idea t h a t  la rge  q u a n t i t i e s  of  HA are found in developing 
and remodeling t i s s u e s  (Toole, 1973 and Muir,1964). The subsequent 
decrease in c e l ia c  HA content  agrees with previous repor ts  of dec l in ing  
HA content  during a therogenesis  (Schmidt and Dmochowski,1964a;Nakamura 
e t  a l . ,1971 and Klynstra e t  a l . , 1 9 6 7 ) .
Breed D if fe rences . The l a rg e r  HA content  in WC thorac ic  aor tas  
compared to SR tho rac ic  aor tas  a t  two to th ree  years  may r e f l e c t  d i f fe rences  
in tu rgor ,  water content ,  and v i s c o e l a s t i c i t y  between breeds a t  t h i s  age.
The d i f fe rence  (.93 jug/mg d .d .w t . )  i s  small however, and probably does 
not have g rea t  b io log ica l  s ig n i f ic an ce .  The s im i la r  c e l ia c  HA content  
between breeds would imply t h a t  HA does not play a s ig n ig ica n t  ro le  in 
a therogenes is .  This hypothesis i s  supported by s tud ies  which show very 
weak a ssoc ia t ions  between HA and plasma LP i f  they i n t e r a c t  a t  a l l  
(Srinivasan e t  a l . ,1 9 7 0  and Iv e r iu s ,1 9 7 2 ) . The excluded volume e f fec t ,an d  
molecular s iev ing  of  HA proposed by Velican (1974) are probably s l i g h t  
since  o lder  c e l i a c  segments conta in only about 6% of  to t a l  GAG as HA, 
and LP accumulate a t  inc reas ing ly  g re a te r  r a t e s  as the f a t t y  s treak  
develops .
Aorta S i te  D if fe rences . The la rg e r  proportion of  HA in WC and 
in SR c e l ia c  segments a t  one day when compared to corresponding thorac ic  
segments may in d ica te  t h a t  the c e l i a c  segments are undergoing more 
extensive changes than the thorac ic  segments a t  t h i s  age. These c e l i a c -  
thorac ic  d i f fe rences  disappear  by s ix  weeks of  age, and only in WC a t  
two to three years  does a d i f fe rence  in c e l i a c  vs. thorac ic  HA content  
reappear .  Here, the smaller  r e l a t i v e  percent HA in the c e l ia c  s i t e  may 
cause a loss in tu rgor  and v i s c o e l a s t i c i t y  in WC ce l iac  compared to WC
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th o rac ic  s i t e s .
Heparit in Su lfa te
Age Trends. Since the p r o f i l e  of to ta l  HS with age (Table 6 ) in 
both breeds follows the same trends in both thorac ic  and c e l ia c  s i t e s  
( increase  between one day and s ix  weeks but constant a t  subsequent ages) 
th i s  t rend  i s  probably p a r t  of a normal aging or  maturation process ,  and 
i s  without s ign i f icance  in the atherogenic  process.
The implicat ions  of  increased HS:HS' r a t io s  with age in WC c e l ia c  
foci  remain obscure. I f  a th e ro sc le ro s i s  r e s i s t a n t  species  do, indeed 
contain r e l a t i v e l y  more HS than suscep t ib le  species (Gardias e t  a l . ,  1973 
and Mullinger and Manley, 1969) then the e laborat ion  of  HS' by WC may 
rep resen t  an e f f o r t  t o  prevent and r e ta rd  lesion formation. The v a r ian t  
nature  of  HS' however, may acce le ra te  those very processes i f  the a f f i n i t y  
of  HS' f o r  plasma LP outweighs i t s  an t icoagulan t  and l ipopro te in  l ip a se -  
a c t iv a t in g  e f f e c t s .
Breed Differences . Although SR thorac ic  aor tas  c o n s is t e n t ly  contain 
more HS than WC thorac ic  ao r ta s  a t  corresponding ages these  d i f fe rences  
are of  such small magnitude (average 2.5% fo r  a l l  four  ages) th a t  they 
are probably without major s ig n i f ican ce .  However, c e l ia c  segments o f  SR 
a t  s ix  weeks, s ix  months and two to th ree  years  contain an average of 
11.7% higher  HS content than WC c e l i a c  segments even when HS' i s  included 
in the WC HS values (Figure 8) .
This finding i s  in agreement with reports  of  Gardias e t  a l .  (1973); 
Hermelin e t  a l .  (197^1) and Mullinger and Manley (1969) which showed higher
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proport ions of  HS in a t h e r o s c l e r o s i s - r e s i s t a n t  species than in suscep t ib le  
spec ies .  The l ipopro te in  l ipase  a c t iv a t in g  e f f e c t s  and ant icoagulant  
p rope r t ie s  of  HS (C ifone l l i  and King, 1970) would seem to  overbalance i t s  
reputed a f f i n i t y  fo r  LP (Sr in ivasan ,  1970) in the a th e ro sc le ro s i s  
r e s i s t a n t  SR pigeon. Again, i t  may be t h a t  the  type o f  HS (HS or  HS') 
i s  more important than the r e l a t i v e  amounts of  HS present  in determining 
the  physiological  p roper t ie s  i t  imparts to  the blood vessel wall .
Aorta S i te  D if ferences . The la rg e r  r e l a t iv e  HS content found 
in c e l i a c  a o r t i c  segments of both breeds when compared with thorac ic  
segments agrees with previous s tud ies  which showed a much g rea te r  propor­
t ion  of  HS in abdominal aor tas  than in tho ra c ic  ao r ta s  (Farquhar and 
Dunstone, 1968; Stefanovich and Akiyama, 1970 and Engel,  1971). (Celiac 
foci are more r ep resen ta t ive  o f  muscular abdominal aor ta  than of  e l a s t i c  
tho rac ic  ao r t a ) .
While the h igher  HS content  in SR c e l iac  when compared to  WC ce l iac  
segments i s  in agreement with previous repor ts  of higher  HS content in 
a t h e r o s c l e r o s i s - r e s i s t a n t  species  (Gardias e t  a l . ,  1973; Hermelin e t  a l . ,  
1974 and Mullinger and Manley, 1969), the higher  HS content  in c e l ia c  
segments ( in  both breeds) when compared to  th o ra c ic  segments complicates 
i n t e rp r e t a t i o n s  of  these  r e s u l t s .  I f  a high proportion of  HS in a o r t i c  
t i s s u e  enhances a th e ro sc le ro s i s  r e s i s ta n c e ,  then some addi t ional  f a c to rs  
must play a p a r t  in i n i t i a t i o n  and development of  les ions  a t  the b i fu rc a ­
tion since c e l i a c  but not  tho rac ic  segments develop le s io n s .  The 
e labora t ion  of  HS by smooth muscle c e l l s  a t  the c e l i a c  s i t e  may represen t  
an e f f o r t  to  r e ta rd  a therogenes is ,  one which i s  not successful  due to  local
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haemodynamic s t r e s s ,  anoxia,  1iDid i n f i l t r a t i o n  or  n u t r i t i o n a l ,  metabolic 
o r  t r a n sp o r t  inadequacies ,  e t c .
Dermatan Sulfa te
Age Trends, Although SR thorac ic  ao r ta s  a t  one day showed a 
la r g e r  amount of  DS (approximately 1.0 jug/mg d .d .wt .  higher) than a t  
subsequent ages, the low number of  r e p l i c a t e s  (2) and large SEM (-  .85) 
fo r  the value reported (Table 7) permit only prel iminary  in t e rp r e t a t i o n  
of t h i s  da ta .  Thoracic aor tas  of both breeds showed s im i la r  DS contents  
(as percent)  a t  a l l  ages examined, in agreement with the work of Nakamura 
e t  a l . (1971). While c e l i a c  seqments of  both breeds a l so  contain s im i la r  
proport ions of DS a t  corresponding ages ,  the r e l a t i v e  percent  DS a t  one 
day i s  higher  than a t  subsequent ages . This drop in r e l a t i v e  percent
DS by s ix  weeks of  age in c e l i a c  s i t e s  of  both breeds as well as in SR 
thorac ic  s i t e s ,  occurs simultaneously with the  increase  in r e l a t i v e  pe r ­
cent  of  HS, and probably r e f l e c t s  the change in a o r t i c  HS composition and 
i s  no t  a primary e f f e c t .
Breed Dif ferences . Since th e re  are no appreciable  d i f fe rences  
between breeds in absolute  or  r e l a t i v e  q u a n t i t i e s  o f  DS present  a t  thorac ic  
or c e l ia c  s i t e s  i t  would seem th a t  DS does not  play an important ro le  in 
a therogenesis .  Any of  the  “p ro tec t ive"  an t icoagu lan t ,  anti thrombic and 
l i p id - c l e a r in g  c a p a c i t i e s  which DS i s  reported to d isp lay  in the blood 
vessel wall (Velican, 1971 and Dorfman, 1963), must be exh ib i ted  in ao r ta s  
of  both breeds to s im i la r  ex ten t s .  Furthermore, i f  DS aids  in the e x t r a ­
c e l l u l a r  organizat ion of  collagen (Obrink, 1973), or t r a p s  plasma LP
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( I v e r i u s , 1972) these e f f e c t s  must a lso  be s im i la r  in both WC and SR 
a o r ta s .
Aorta S i te  D if fe rences . The la rg e r  r e l a t iv e  q u an t i t i e s  of  DS a t  
one day of  age in both WC and SR c e l ia c  segments may be ind ica t ive  of 
g rea te r  collagen biosynthesis  in the ce l iac  foci compared to the thoracic  
aor ta  a t  t h i s  age. Gan e t  a l .(1967) have reported th a t  the muscular 
abdominal segments of chicken aor ta  contained more collagen than the 
e l a s t i c  thorac ic  aor ta  (the c e l ia c  s i t e  is  muscular in n a tu re ) .  S t .  Cla ir  
e t  a l . (1975) reported s ig n i f i c a n t ly  more collagen in plaques of  WC 
pigeons with na tu ra l ly -occur r ing  a th e ro sc le ro s i s  than in normal t i s su e  
from the same a o r ta .  A l te rn a t iv e ly ,  high DS may simply r e f l e c t  low 
r e l a t i v e  HS content  in one-day c e l i a c  segments.
Chondroitin 4 -Su lfa te
Age Trends. The net  decrease in amount and percent of  aor ta  Ch4-S0 
between one day and two to three  years seen in both breeds is  of  small 
magnitude and i s  probably the r e s u l t  of  the normal aging process in pigeon 
thorac ic  aor tas  (Table 7).  However,the age p ro f i l e s  of Ch4-S0^ in WC 
c e l ia c  segments were opposite in SR (Figure 9) .  Since the major i ty  of 
p roper t ies  reported fo r  Ch4-S0^ are  an t ia therogenic  in nature (Morrison 
and Schjeide,1974 and Nakashima e t  a l . , 1 9 7 5 ) ,  a decreased level of  Ch4-S04 
a t  two years of  age may be re la te d  to s u s c e p t i b i l i t y  to a th e ro sc le ro s is  in 
WC ce l iac  fo c i .  Only advanced les ions  develop thromboses of  f ibr inogen and 
p l a t e l e t s  (Watts ,1971; Walton and Williamson,1968 and Morrison and Schjeide 
1974) and p ro te c t iv e ,  antithrombogenic and an t ia therogenic  e f f e c t s  of 
Ch4-S0^ appear to be l o s t  in WC p r io r  to the onset of  severe or
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complicated le s io n s .  I t  i s  i n t e r e s t i n g  to  note t h a t  the grade o f  c e l i a c  
les ions  in SR and WC are s im i la r  u n t i l  a f t e r  one year  o f  age when the 
s e v e r i ty  index increases  in WC but plateaus  in SR (Santerre e t  a l .  1972). 
These d i f fe rences  in les ion scores with age between WC and SR are mani­
f e s t  a t  the same time when Ch4-S04 content in SR c e l i a c  s i t e s  f i r s t  
exceeds t h a t  in WC c e l iac  s i t e s  (Figure 9).  I t  may be t h a t  Ch4-S04 content 
does not  i n h i b i t  e a r ly  a therogenes is ,  but r a th e r  r e ta rd s  subsequent les ion  
progression.
Breed Differences.  The s im i la r  CI14-SO4 content in tho rac ic  aor tas  
of  both breeds a t  corresponding ages 1s co n s is ten t  with the idea t h a t  
changes in GAG content in pigeon tho rac ic  ao r ta s  are rep resen ta t ive  of  
aging and not a therogenesis .  The tendency fo r  WC c e l i a c  s i t e s  to contain 
less  Ch4-S04 than SR c e l iac  s i t e s  by two-to th ree-years  o f  age may have 
pathological  s ig n i f ican ce ,  Chondroitin 4 - su l f a t e  i s  reputed to possess 
an t ia the rogen ic ,  antithrombogenic and l i p id - c l e a r in g  a c t i v i t i e s  and to  
prevent swelling o f  LDL which aids in t h e i r  depos ition within the blood 
vessel  wall (Morrison and Enrick, 1973; Morrison and Schjeide ,  1974 and 
Nakashima e t  a l . ,  1975). A higher  level of  ChA-SO^ in SR c e l ia c  s i t e s  
(18,6%) compared to WC c e l iac  s i t e s  (9.5%) may p a r t i a l l y  explain SR 
re s i s ta n ce  to  advanced a th e ro sc le ro s i s  i f  the higher Ch4 -S04 content ,  
o r  Ch4 -S04 :Ch6-S04 r a t i o s  in o lder  SR aids in l i p i d  c lear ing  and prevents 
thombus formation and lesion progression (Figure 11),
Aorta S i te  Differences.  The Impl icat ions o f  comparisons made 
concerning Ch4 -S04 contents  1n thorac ic  and c e l i a c  s i t e s  remain obscure,
I f  Ch4 -S04 i s  p ro te c t iv e  or  an t ia therogenic  1n n a tu re ,  then the s im i la r  
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(with the exception of two-to th ree-years  old SR) must safeguard both 
s i t e s  to  a s im i la r  ex ten t .  (At two to  th ree  years  SR c e l i a c  s i t e s  
contain two times the r e l a t i v e  amount of Ch4-S04 in SR thorac ic  s i t e s ) .
Chondroitin 6-Sulfa te
Age Trends. In agreement with the work of  Velican (1974) and 
Murata (1974), Ch6-S0/j i s  the major component of  the thorac ic  a o r t a ,  
c o n s t i tu t in g  51% of t o t a l  GAG (Table 8 ) .  In add i t ion ,  the proport ions of 
DS:Ch4-S04 :Ch6-S04 found in the present  study (1 :1 :3 .6 )  were s im i la r  
to  those reported by Murata (1974) (1 :1 :2 .5 ) .  Both WC and SR thoracic  
aor tas  showed no changes in Ch6-S04 content  with age, in agreement with 
the  r ep o r t  o f  Kumar e t  a l .  (1967a) on human thorac ic  Ch6-S04 age p r o f i l e s .
The increases  in the Ch6-S04 content  between one day and six 
weeks of  age in c e l i a c  s i t e s  in both breeds (Figure 10) may represen t  
increased collagen synthesis  (Muir, 1969) and decreased permeabil ity  
(Klynstra ,  1974 and Bottcher and Klynstra ,  1965) during t h i s  time period.  
As the  Ch6-S04 content  increased in the  e x t r a c e l l u l a r  matr ix ,  a more 
entangled network of  GAGs would form. Plasma components which were pro­
pel led  in to  t h i s  matrix would be re tarded  and would even tua l ly  accumulate.  
Only SR c e l i a c  shows a subsequent decrease  in Ch6-S04 content (Figure 10) 
which should lead to  an increase  in  permeabi l i ty  by two to th ree  years  of  
age and lessen  the molecular sieving of  plasma LP within t h i s  por tion of 
the blood vessel wal l .  Again, the dec l ine  in Ch6-S04 content a f t e r  six  
months of  age in SR coincides with a leve l ing  o f f  o f  le s ion  sev e r i ty  
in t h i s  breed,  a phenomenon which does not occur in WC.
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Breed Differences . The s im i la r  Ch6-S04 content  of  both SR and 
WC th o rac ic  s i t e s  f i t s  the common trends t h a t  n e i th e r  breed developes 
thorac ic  les ions  and t h a t  GAG aging p a t te rn s  are common to both breeds 
a t  t h i s  s i t e .  By s ix  weeks o f  age O16-SO4 i s  the major GAG present  in 
WC c e l iac  fo c i ,  in agreement with previous s tud ies  which showed t h a t  Ch 
6-SO4 i s  the major GAG found in aor tas  o f  a th e ro sc le ro s i s - s u sc e p t ib le  
species  (Gardias e t  a l . ,  1973; Hermelin e t  a l . ,  1974 and Mullinger and 
Manley, 1969). In a t h e r o s c l e r o s i s - r e s i s t a n t  SR c e l ia c  f o c i ,  however HS 
content  approximates o r  exceeds Ch6 -SC>4 content a t  the ages examined 
(Tables 6 and 9) ,  while in suscep t ib le  WC c e l ia c  foci t h i s  i s  t rue  only 
a t  one day of age. An examination of  the r a t io s  of Ch6-S04 : HS in ce l iac  
foci shows co n s is ten t ly  l a r g e r  values in WC vs. SR a t  one day ( .54 vs.  .42) ,  
s ix  weeks (1.65 vs. 1 .12 ) ,  s ix  months (2.41 vs.  1.19) and two to three  
years  of  age (1.89 vs.  .72) .  The la rg e r  amounts and percents  o f  Ch6-S04
in WC c e l iac  foci when compared with SR foci a t  corresponding ages (p a r ­
t i c u l a r l y  a t  two to  th ree  years)  may cause increased seiv ing and re ten t ion
of  plasma LP (Bottcher  and Klynstra ,  1965; Klyns tra ,  1974 and Srinivasan
e t  a l . ,  1970), and in h ib i t io n  of /? -g lucuronidase  and hyaluronidase (Velican, 
1971) in WC a t  t h i s  s i t e .  All of  these e f f e c t s  of  Ch5-S04 would enhance 
le s ion  formation in WC c e l i a c  b i fu rca t ions  by increasing  l i p i d  deposition 
and i n t e r f e r in g  with the degradation and turnover  o f  matrix GAGs. In the 
genet ic  mucopolysaccharidoses, d is turbances  in normal lysosomal catabolism 
of  GAGs lead not  only to  the accumulation o f  GAG but to l i p i d  accumulation 
as well (Hers,  1973; Heufeld and Cantz, 1973 and Muir, 1969), Apparently 
accumulation of GAGs within the lysosome a lso  i n t e r f e r e s  with normal t u r n ­
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over of  complex l i p i d s ,  causing massive deposit s  of  l i p i d s .  In advanced 
les ions  in WC, smooth muscle c e l l s  are a c tu a l ly  f i l l e d  with l i p i d  vacuoles ,  
some of which resemble congested lysosomes (Cooke and Smith, 1968 and 
Wight, 1972). Not only would defec t ive  GAG catabolism prevent degradation 
of  endocytosed ground substance GAG but the missing or  defec t ive  enzymes 
may prevent crinophagy as well .  (Crinophagy re fe r s  to lysosomal d igest ion 
of secre to ry  products formed in excess of  needs and accomplishes an 
important regula tory  funct ion [Hers,  1973]).  I f  crinophagy was re tarded 
o r  absent in WC c e l i a c  smooth muscle c e l l s  then more GAG would be secre ted  
in to  the e x t r a c e l l u l a r  space than a t  SR c e l ia c  b i fu rca t io n s .
Aorta S i te  D if ferences . The proport ions o f  Ch6-S04 in WC th o ra c ic  
aor ta  segments a t  s ix  weeks, s ix  months and two to  th ree  years  and in SR 
thorac ic  segments a t  s ix  months were o f  about the same proportion as in 
corresponding ce l iac  segments,  p a r a l l e l in g  previous f indings  of  s im i la r  
r e l a t i v e  c h 6-S04 contents  in tho rac ic  and abdominal aor tas  (Farquhar and 
Dunstone, 1968; Stefanovich and Akiyama, 1970 and Engel,  1971). The 
c e l i a c  focus i s  the predisposed s i t e  fo r  les ion  formation, and the presence 
of  f a c to rs  which cause LP accumulations o r  decrease permeabil ity  and 
enzyme a c t i v i t i e s  ( i e .  high Ch6-S04 content)  could promote a therogenesis .  
Thus the smaller  proport ions  of  Ch 6-SO4 found in SR c e l i a c  a t  one-day, 
s ix  weeks and two to three  years  when compared to corresponding thorac ic  
s i t e s  may lessen  the tendency fo r  a therogenesis  a t  the c e l i ac  b i fu rca t ion  
in t h i s  breed. Any benef ic ia l  e f f e c t s  of  low Ch 6 -SO4 in c e l i a c  s i t e s  of  
WC are l o s t  before s ix  weeks of  age.
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Conclusions
The present  study may in p a r t  explain  s u s c e p t i b i l i t y  and res is tance  
of  the two breeds of  pigeons to a th e r o s c l e r o s i s ,  by describ ing changes in 
ground substance GAGs which occur during aging and a therogenes is ,  and by 
r e l a t in g  various GAGs to the pathogenic sequence.
The l a rg e r  q u a n t i t i e s  of GAGs found in c e l i a c  foci of  WC when 
compared to SR foci c o r re l a t e  with breed d i f fe rences  in s u s c e p t i b i l i t y  to 
a th e ro sc le ro s i s ,  since the reported a f f i n i t i e s  o f  GAGs in the blood vessel 
wall f o r  plasma LP would explain the deposit ion of more l i p i d  in the GAG- 
r ic h  a r t e r i a l  wal ls  of WC. Previous s tud ies  by Nicolosi e t  a l . (1972) and 
Subbiah e t  a l . (1974) showed more t o t a l  l i p i d ,  and in p a r t i c u l a r  more 
choles tery l  e s t e r s  and squalene,in  six-month WC c e l i a c  s i t e s  when compared 
with SR c e l i a c  s i t e s .  In order  to know whether GAG changes precede 
d i f fe rences  in l i p i d  content of  WC and SR c e l iac  f o c i ,  l i p i d  analyses 
must be performed on one-day and six-week old birds  as wel l .
The type o f  GAGs present  in c e l i a c  foci of  these  two breeds , as 
well as overal l  q u a n t i t i e s ,  may also be of pathogenic s ig n i f ican ce .  The 
l a rg e r  proportion o f  HS (from age 6 weeks and l a t e r )  and lack of  HS' in 
SR may aid in t h e i r  r e s i s ta n ce  to a therogenes is .  The idea of  HS prevent­
ing or  re tard ing  atherogenesis  in some way (due i o  an t icoagulan t  and 
l ipopro te in  l ipase  a c t iv a t in g  e f f e c t s ? )  i s  based on the previous f indings  
o f  higher HS leve ls  in a t h e r o s c l e r o s i s - r e s i s t a n t  species  (Gardias e t  a l . ,  
1973; Hermelin e t  a l . ,  1974 and Mullinger and Manley, 1969), The nature 
o f  the p roper t ies  o f  HS and, in p a r t i c u l a r ,  HS' in the blood vessel wall 
must be e luc ida ted  by studying the  d i s t r i b u t i o n s  ( c e l l  surface or  m a t r ix ) ,
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carbohydrate and s u l f a t e  con ten ts ,  and the a b i l i t i e s  o f  HS and HS' to 
i n t e r a c t  with plasma LP before a more d e f in i t i v e  hypothesis concerning 
HS involvement in a therogenesis  can be made. The c o n s is te n t ly  l a rg e r  
Ch6 -SO4 content  in WC c e l i a c  foci may be of p a r t i c u la r  importance in 
e l e c t r o s t a t i c a l l y  binding LP and also in re ta in ing  LP propelled in to  
the matrix by molecular s ieving e f f e c t s .  The decreasing amounts of  Ch 
4 -SO4 in WC aor tas  a f t e r  s ix  months o f  age may contr ibute  to  lesion pro­
gression i f  these  smaller  amounts ind ica te  lessening of  ant i thrombic,  
l i p o l y t i c  and LP "ant iswel l ing"  e f f e c t s  a t  the ce l iac  b i fu rca t io n .  The 
r a t i o s  of Ch4-S04 to Ch6-S04 present  in ce l iac  foci would appear more 
important than the absolute  amounts of  these two GAGs since t h e i r  reputed 
e f f e c t s  on les ion development are an tagon is t ic  (Ch4-S04 being " a n t i ­
a therogenic" and CI16-SO4 , "atherogenic") .
The absence of  d i f fe rences  in thorac ic  GAG p r o f i l e s  between WC 
and SR i s  suggestive of  s im i la r  metabolic and aging processes in the non­
predisposed o r  l e s io n - f re e  sec t ions  o f  the  tho rac ic  aor ta  in both breeds.
In genera l ,  the changes in a o r t i c  GAG p a t te rn s  and contents which occurred 
during aging in WC and SR tho rac ic  segments were o f  smaller  magnitude and 
were less  var iab le  than the changes occurring in the c e l ia c  segments o f  
these  b i rds .
I f  the primary ro le  of  GAGs in atherogenesis  i s  to  enhance LP 
deposit ion within the blood vessel wal l ,  then fu r th e r  considerat ion must 
be given to the f inding t h a t  the r e l a t i v e l y  GAG-poor c e l ia c  foci and not 
the GAG-rich thorac ic  ao r ta s  develop a th e ro sc le ro t i c  l e s io n s ,  The presence 
of a ra ised  muscular cushion represen ts  a normal fea tu re  of  vascular  
a rc h i te c tu re  a t  the c e l i a c  b i fu rca t io n .  This aggregation of  smooth muscle
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c e l l s  1s a necessary p re re q u i s i t e  but not a s u f f i c i e n t  condit ion fo r  
a therogenesis  (Cooke and Smith, 1968 and Nicolosi e t  a l . ,  1972), The c e l l s  
in the cushion d isp lay  d i f f e r e n t  c h a r a c t e r i s t i c s  than those in the  thorac ic  
trunk;  they are smaller ,  more fusi form, and are not organized in to  the 
laminae c h a r a c t e r i s t i c  of  thorac ic  smooth muscle c e l l s .  Furthermore, 
e l a s t i c  laminae are not as abundant, and c e l ia c  c e l l s  are  packed c lo se r  
to g e th e r ,  allowing le s s  room fo r  matrix components than in tho rac ic  seg­
ments (Cooke and Smith, 1968 and Lauper e t  a l . ,  1975). Probably, the 
unique 3-dimensional a rch i t e c tu re  of the e x t r a c e l l u l a r  space a t  the ce l iac  
focus,  as well as the a l t e r e d  s t ru c tu r e s  and proport ions of GAGs contr ibu tes  
to  l i p i d  accumulations here. Thus design,  as well as composition, of 
c e l i ac  ground substance may form what Morrison re fe r red  to  as "unsound 
matrix" (Morrison and Schjeide,  1974).
The types and amounts of matrix GAG which ce l i ac  smooth muscle 
c e l l s  e labora te  may be d i f f e r e n t  than those e laborated by thorac ic  c e l l s  
because o f  the basic d i f fe rences  in e l a s t i c i t y  and musculari ty  of  these  
two segments and because o f  the na tures  of  the s t r e s s e s  placed upon these 
two s i t e s .  Various haemodynamic, hypoxic, tox ic  and hormonal fac to rs  
which a f f e c t  the  c e l i a c  b i fu rca t ion  may be responsib le  fo r  focal a l t e r a ­
t ions  in GAGs a t  t h i s  s i t e .  The e laborat ion o f  GAGs in d i s t i n c t i v e  
pa t te rns  a t  the c e l i ac  s i t e  may i n i t i a l l y  represen t  a nonspecif ic
response to  in ju ry  expressed by both breeds, a response which causes 
l i p i d  depos i t ion .  This idea i s  supported by previous work (San te r re ,  e t  
a l . ,  1972) which showed almost iden t ica l  a l t e r a t i o n s  in WC and SR c e l i a c  
foci up u n t i l  one year  of age. White Carneau f o c i ,  however, undergo 
addi t ional  degeneration to  a diseased s t a t e  which i s  not expressed in SR
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u n t i l  a much l a t e r  age. The increase in CI16-SO4 and subsequent de­
creases  in HS, Ch4 -S04 and the r a t io  of  Ch4-S04 ;C hG-SCty shown in WC 
but  not  in SR c e l i a c  foci occurs j u s t  p r io r  to the manifestat ion of  
d i f f e r e n t  lesion progression pa t te rns  in these two breeds of  pigeons.
Goodman and Herndon (1963) suggested tha t  a therosc le ros is  in pigeons resu l ted  
from an a l t e r a t i o n  of some metabolic f a c to r  which i s  ge n e t ic a l ly  co n t ro l led ,  
and the genetic  fa c to rs  responsible fo r  i n i t i a t i o n  of  microscopic le s ions  
are  l a rge ly  independent of those responsible  fo r  the progress of le s ions  
to gross plaques. The pronounced d i f ferences  in GAG content between WC 
and SR c e l ia c  foci a f t e r  s ix  months of  age, (in c o n t ra s t  to more s im i la r  
breed pa t te rns  a t  e a r l i e r  ages) may represent  a l t e r a t i o n s  in the metabolic 
c ap a c i t i e s  of  WC smooth muscle c e l l s  to synthesize and to  degrade GAGs, 
a l t e r a t i o n s  which may be responsible fo r  les ion  progression in WC.
I f  GAG matrix components play a ro le  in the i n i t i a t i o n  of  micro­
scopic l e s io n s ,  the ro le  must be s im i la r  in WC and SR since d i f fe rences  
in GAG content  appear a f t e r  atherogenesis  has begun. The only d i s t i n c t i v e  
f ea tu re  of  WC c e l i a c  foci a t  one day of age i s  the presence of  HS'. This 
unique HS species  may influence the proportions and to ta l  amount of  GAGs 
e labora ted  in o lde r  WC c e l i a c  fo c i .  In add i t ion ,  WC and SR smooth muscle 
c e l l s  may e labora te  d i f f e r e n t  GAG matrix components a f t e r  six-months of 
age because they r eac t  to the s im i la r  s t r e s se s  placed upon them in d i f ­
f e r e n t  ways, Zemplenyi and Rosenstein (1975) suggested t h a t  metabolic 
d i f fe rences  between these two pigeon s t r a i n s  are of  an " inher i ted  or  
genet ic  nature"  and Goodman and Herdon (1963) suggested a polygenic system 
as the most probable genet ic  mechanism predisposing WC to  a th e ro sc le ro s i s .
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Regardless of  the exact  na ture  o f  the f ac to r s  involved, WC c e l i a c  
foci  e labora te  d i f f e r e n t  types and amounts of  GAGs than corresponding SR 
f o c i ,  and according to  the e x t r a c e l l u l a r  matrix hypothesis o f  Hay and Meier
(1974), once p re sen t ,  these d i f f e r e n t  GAG pa t te rns  in WC and SR c e l ia c  
ground substance would influence metabolic pathways in these two breeds 
d i f f e r e n t l y .  For example, WC may be l e s s  able to metabolize LP, to d isso lve  
f i b r i n  c l o t s ,  o r  may have more congested lysosomes than SR. The s t ru c tu re  
and composition o f  GAGs a t  the c e l i a c  b i fu rca t ion  may be g e n e t ic a l ly  de­
termined o r  may be a f fec ted  by cushion a rch i tec tu re  and var ious fac to rs  or  
s t r e s s e s  operat ing a t  t h i s  s i t e .  D is t inc t ive  focal GAG p a t te rn s  in blood 
vessel w al ls ,  p a r t i c u l a r l y  a t  branch p o in t s ,  could be the  p re re q u is i t e s  
t h a t  lead to  the  secondary accumulations of l i p i d s ,  f i b r i n ,  calcium, and 
o th e r  m a te r ia ls  in a r t e r i a l  l e s io n s .  Since the genesis o f  a th e ro sc le ro s i s  
i s  complex, m ult ip le  f a c to rs  must con tr ibu te  to a o r t i c  degeneration.
A l te ra t ions  in GAG of  the  ground substance may occur simultaneously with,  
o r  be followed by, modif icat ion o f  collagen and e l a s t i n  f i b e r s .  These 
a l t e r a t i o n s  in ground substance components may to g e th e r  influence the 
functions  and p ro p e r t i e s  of  the c e l i ac  f o c i ,  disposing them to a th e ro sc le ro s i s .
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Table 1. Accuracy Determination fo r  Hyaluronic Acid.
E x pe r im en t  Number o f  P o i n t s  P r e d i c t e d  V a lu e  A c t u a l  V alue R e s i d u a l
Number P er  L ine  Unknown -  ju g / u l  Unknown -  jug/jiil E r r o r -  Aig/^ul
1 7 0 . 2 0 0 . 1 7 0 . 0 3
2 6 0 . 7 5 0 . 7 7 0 . 0 2
3 6 1 . 0 0 0 . 9 7 0 . 0 3
4 4 0 . 3 8 0 . 3 8 0 . 0 0
5 5 0 . 2 5 0 . 2 6 0 . 0 1
6 5 1 . 5 0 1 . 4 6 0 . 0 4
7 4 0 . 5 0 0 . 5 2 0 . 0 2
8 4 0 . 3 8 0 . 4 1 0 . 0 3
9 5 0 . 2 5 0 . 2 4 0 . 0 1
10 3 0 . 7 5 0 . 7 5 0 . 0 0
11 4 0 . 2 0 0 . 2 1 0 . 0 1
12 4 0 . 5 0 0 . 5 0 0 . 0 0
13 4 0 . 3 8 0 . 3 3 0 . 0 5
14 5 0 .  25 0 . 2 4 0 . 0 1
15 4 0 . 2 0 0 . 1 9 0 . 0 1
16 4 0 . 7 5 0 . 7 6 0 . 0 1
17 4 0 . 5 0 0 . 4 8 0 . 0 2
18 4 0 . 3 8 0 . 3 8 0 . 0 0
19 5 1 . 0 0 1 . 0 1 0 . 0 1
20 4 0 . 2 0 0 . 2 0 0 . 0 0
21 5 0 . 7 5 0 . 7 7 0 . 0 2
22 4 0 . 5 0 0 . 5 0 0 . 0 0
23 3 1 . 0 0 1 . 0 1 0 . 0 1
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T a b l e  1 .  ( C o n t ’d )
0 . 2 3  0 . 0 2
0 . 3 7  0 . 0 1
24
25
0 . 2 5
0 . 3 8
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Table 2. Accuracy D eterm inations fo r  H eparitin  S u l f a t e .
E x per im en t  Number o f  P o i n t s  P r e d i c t e d  V alue A c t u a l  V a lu e  R e s i d u a l
Number P e r  L in e  Unknown -  j u g / » l  Unknown -  / i g / j u l  Error  -  ju g /ju l
1 7 0 . 2 5 0 . 2 1 0 . 0 4
2 8 0 . 5 0 0 . 5 8 0 . 0 8
3 6 0 . 2 0 0 . 2 1 0 . 0 1
4 4 1 . 5 0 1 . 5 6 0 . 0 6
5 5 0 . 3 8 0 . 3 5 0 . 0 3
6 3 1 . 0 0 1 . 0 0 0 . 0 0
7 3 0 . 7 5 0 . 7 5 0 . 0 0
8 3 0 . 5 0 0 . 5 2 0 . 0 2
9 5 0 . 3 8 0 . 4 1 0 . 0 3
10 5 1 . 0 0 0 . 9 5 0 . 0 5
11 5 0 . 2 0 0 . 2 1 0 . 0 1
12 5 0 . 7 5 0 . 7 9 0 . 0 4
13 3 0 . 3 8 0 . 3 6 0 . 0 2
14 5 0 . 2 5 0 . 2 6 0 . 0 1
15 4 0 . 3 8 0 . 3 7 0 . 0 1
16 5 0 . 2 0 0 . 2 1 0 . 0 1
17 4 0 . 7 5 0 . 7 4 0 . 0 1
18 3 0 . 3 8 0 . 4 4 0 . 0 6
19 4 0 . 2 0 0 . 2 1 0 . 0 1
20 5 0 . 5 0 0 . 4 7 0 . 0 3
21 3 0 . 7 5 0 . 7 5 0 . 0 0
22 3 1 . 0 0 1 . 0 1 0 . 0 1
23 4 0 . 3 8 0 . 3 9 0 . 0 1
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T a b l e  2 .  ( C o n t ' d )
24 3 0 . 5 0  0 . 5 1  0 . 0 1
25 4 0 . 2 0  0 . 1 9  0 . 0 1
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Table 3 . Accuracy D eterm inations fo r  Dermatan S u l f a t e .
E x per im en t  Number o f  P o i n t s  P r e d i c t e d  V alue A c t u a l  Va lue R e s i d u a l
Number P er  L in e  Unknown -  ju g /p l  Unknown -  p g /m l  E rror  -  / ig /u j .
1 6 0 . 3 8 0 . 4 5 0 . 0 7
2 6 1 . 0 0 0 . 9 8 0 . 0 2
3 6 0 . 2 5 0 . 2 3 0 . 0 2
4 5 0 . 5 0 0 . 4 9 0 . 0 1
5 6 0 . 7 5 0 . 7 7 0 . 0 2
6 5 0 . 2 5 0 . 2 1 0 . 0 4
7 4 0 . 2 0 0 . 1 7 0 . 0 3
8 4 0 . 3 8 0 . 4 1 0 . 0 3
9 4 0 . 5 0 0 . 5 4 0 . 0 4
10 3 0 . 7 5 0 . 7 5 0 . 0 0
11 4 0 . 2 0 0 . 2 0 0 . 0 0
12 6 1 . 0 0 0 . 9 5 0 . 0 5
13 4 0 . 3 8 0 . 3 6 0 . 0 2
14 4 0 . 5 0 0 . 5 2 0 . 0 2
15 4 0 . 5 0 0 . 4 9 0 . 0 1
16 4 0 . 3 8 0 . 4 0 0 . 0 2
17 4 0 . 2 5 0 . 2 5 0 . 0 0
18 3 . 0 7 5 0 . 7 4 0 . 0 1
19 4 0 . 5 0 0 . 4 7 0 . 0 3
20 4 0 . 2 0 0 . 2 0 0 . 0 0
21 3 0 . 2 5 0 . 2 5 0 . 0 0
22 4 0 . 3 8 0 . 3 7 0 . 0 1
23 3 1 . 0 0 0 . 9 9 0 . 0 1
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T a b l e  3 .  ( C o n t ' d )
24 3 0 . 7 5  0 . 7 4  0 . 0 1
25 4 0 . 5 0  0 . 4 9  0 . 0 1
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Table 4 . Accuracy D eterm inations fo r  Chondroitin  4 - S u l f a t e .
E x pe r im en t  Number o f  P r e d i c t e d  A c t u a l  R e s i s u a l  E rror
Number P o i n t s / L i n e  V a lu e  Aig/ul  V alue jug / u l  M S/M l
1 5 1 0 . 0 0 1 0 . 1 1 0 . 1 1
2 4 5 . 0 0 5 . 4 3 0 . 4 3
3 5 1 0 . 0 0 9 . 8 6 0 . 1 4
4 5 1 5 . 0 0 1 4 . 3 2 0 . 6 8
5 5 2 . 5 0 2 . 2 7 0 . 2 3
6 4 7 . 5 0 7 . 9 9 0 . 4 9
7 4 2 0 . 0 0 2 0 . 0 6 0 . 0 6
8 3 5 . 0 0 5 . 1 4 0 . 1 4
9 3 1 0 . 0 0 9 . 8 1 0 . 1 9
10 4 2 . 5 0 1 . 8 0 0 . 7 0
11 3 1 5 . 0 0 1 5 . 1 5 0 . 1 5
12 4 7 . 5 0 7 . 7 9 0 . 2 9
13 4 5 . 0 0 4 . 5 1 0 . 4 9
14 5 2 0 . 0 0 1 9 . 6 6 0 . 3 4
15 4 1 5 . 0 0 1 5 . 1 3 0 . 1 3
16 4 2 . 5 0 2 . 4 1 0 . 0 9
17 3 7 . 5 0 7 . 7 4 0 . 2 4
18 4 1 0 . 0 0 1 0 . 6 8 0 . 6 8
19 5 5 . 0 0 5 . 0 5 0 . 0 5
20 4 2 0 . 0 0 2 0 . 2 3 0 . 2 3
21 3 2 . 5 0 2 . 5 8 0 . 0 8
22 3 1 5 . 0 0 1 5 . 0 4 0 . 0 4
23 5 7 . 5 0 6 . 9 7 0 . 5 3
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T a b le  4 .  ( c o n t ' d )
24 4 1 0 . 0 0  1 0 . 7 1  0 . 7 1
25 5 5 . 0 0  5 . 8 2  0 . 8 2
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Table 5 . Accuracy D eterm inations fo r  Chondroitin  6 -S u lfa t e .
Exp eri m en t  Number o f  P r e d i c t e d  A c t u a l  R e s i d u a l  Error
Number P o i n t s / L i n e  V a lu e  Jig/jtil  Value p g / p l _______/ig/^ul
1 5 2 . 5 0 2 . 7 5 0 . 2 5
2 5 7 . 5 0 7 . 1 2 0 . 3 8
3 5 2 0 . 0 0 2 0 . 3 2 0 . 3 2
4 3 1 5 . 0 0 1 5 . 0 1 0 . 0 1
5 4 5 . 0 0 4 . 8 1 0 . 1 9
6 3 1 0 . 0 0 1 0 . 1 1 0 . 1 1
7 4 2 . 5 0 2 . 8 1 0 . 3 1
8 3 7 . 5 0 7 . 3 4 0 . 1 6
9 4 2 0 . 0 0 1 9 . 3 3 0 . 6 7
10 4 1 5 . 0 0 1 5 . 7 4 0 . 7 4
11 3 5 . 0 0 5 . 0 4 0 . 0 4
12 5 2 . 5 0 2 . 5 7 0 . 0 7
13 6 1 0 , 0 0 9 . 6 8 0 . 3 2
14 5 7 . 5 0 6 . 9 1 0 . 5 9
15 5 2 0 . 0 0 2 0 . 1 3 0 . 1 3
16 4 1 5 . 0 0 1 5 . 1 7 0 . 1 7
17 4 2 . 5 0 2 . 2 6 0 . 2 4
18 3 7 . 5 0 7 . 2 7 0 . 2 3
19 3 1 0 . 0 0 8 . 9 0 1 . 1 0
20 3 2 0 . 0 0 1 9 . 9 5 0 . 0 5
21 3 1 5 . 0 0 1 5 . 5 7 0 . 5 7
22 3 7 . 5 0 7 . 2 2 0.2.8
23 5 1 5 . 0 0 1 5 . 1 4 0 . 1 4
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T a b l e  5 .  ( C o n t ’d )
24 3 5 . 0 0  4 . 8 7
25 5 2 . 5 0  2 . 6 1
0 .1 3
o - i i
109
Table 6. P r e c i s io n  D eterm inations fo r  Hyaluronic A cid .
Experi m en t  Number o f  Mean Peak Mean
Number R e p l i c a t e s  A r e a  D e v i a t i o n
1 5 8 7 . 4  6 . 2
2 5 7 7 . 8  0 . 7
3 4 2 5 . 3  2 . 3
4 5 7 7 . 2  4 . 7
5 4 4 9 . 5  3 . 3
6 5 3 1 . 6  1 . 7
7 4 1 0 6 . 8  2 . 8
8 5 5 8 . 2  3 . 0
9 4 7 2 . 8  0 . 6
10 4 1 0 4 . 0  4 . 8
11 5 6 1 . 2  1 . 4
12 5 8 3 . 4  2 . 7
13 4 8 2 . 5  2 . 3
14 4 4 7 . 5  3 . 5
15 5 1 1 9 . 6  3 . 5
16 5 8 7 . 8  3 . 0
17 4 5 5 . 0  1 . 2
18 4 4 7 . 1  2 . 1
19 5 1 0 1 . 1  6 . 7
20 5 3 4 . 1  1 . 4
21 5 4 3 . 6  1 . 7
22 6 1 1 9 . 6  2 . 6
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T a b l e  6 .  ( C o n t ' d ) .
23 6 5 5 . 8  2 . 3
24 4 6 6 . 8  0 . 8
25 4 1 0 6 . 7  0 . 8
I l l

























Number o f  























Mean Peak  
Area
1 2 8 . 8
2 2 7 . 7  
2 6 3 . 3
1 7 1 . 2
1 3 3 . 0
1 4 6 . 7
1 8 2 . 3
2 5 1 . 0
2 3 4 . 6
2 0 7 . 3
2 3 7 . 9
2 4 2 . 6
21 2 .0
1 7 1 . 8
1 3 4 . 1
2 5 2 . 3
1 4 6 . 8
1 7 4 . 6  
9 9 . 5
2 3 2 . 4
3 2 7 . 6
1 0 4 . 1
Mean
D e v i a t i o n
9 . 4
1 9 . 4  
2 1 . 6
1 . 4
1 9 . 7
8 . 4





7 . 1  
8 . 0
1 4 . 9
7 . 4
8 . 4
1 4 . 4
9 . 1
4 . 2




T a b l e  7 .  ( C o n t ' d ) .
23 6 1 6 9 . 8  4 . 2
24 4 1 6 5 . 9  2 . 4
25 6 1 4 5 . 9  4 . 3
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Table 8 . P r e c is io n  Determ inations fo r  Dermatan S u l f a t e .
E x pe r im en t
Number
Number o f  
R e p l i c a t e s
Mean Peak  
Ar ea
Mean













































1 5 7 . 5  
2 5 6 . 9
2 3 2 . 1
1 8 7 . 1
1 9 7 . 0
2 2 4 . 6
1 6 3 . 4
2 7 8 . 0
2 1 0 . 7
2 2 4 . 5
2 3 3 . 8
3 0 6 . 2
2 7 8 . 1
3 5 0 . 2
3 1 3 . 0
1 8 3 . 0
1 5 5 . 6
3 3 3 . 7
1 5 7 . 1
2 0 5 . 7
3 0 9 . 3  
2 1 7 . 6
8 . 2
3 . 8  
1 6 . 6  
1 1 . 9  
1 1 . 8
5 . 9
2 . 9
1 3 . 8
1 2 . 3
1 9 . 2  
8 . 8
1 4 . 2
1 9 . 4
1 6 . 9
1 2 . 4  
9 . 3
1 6 . 2  
1 5 . 0
1 4 . 4  
8 . 6
1 6 . 3
10 .7
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T a b l e  8 .  ( C o n t ’d ) .
23 5 2 0 3 . 3  9 . 2
24 6 2 3 5 . 8  8 . 4
25 6 2 2 2 . 9  1 1 . 7
Table 9 .  P r e c is io n  D eterm inations fo r  Chondroitin  4 - S u l f a t e .
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Number o f  























Mean O p t i c a l  Mean
D e n s i t y  D e v i a t i o n
0 . 4 6 1  
0 . 5 6 0  
0 . 4 4 1  
0 . 4 6 9  
0 . 7 4 3  
0 . 4 5 7  
0 . 4 3 7  
0 . 6 9 3  
0 . 4 0 0  
0 . 3 7 2  
0 . 1 6 5  
0 . 3 4 8  
0 . 1 5 3  
0 . 2 3 2  
0 . 6 8 0  
0 .3 1 3  
0 . 6 3 3  
0 . 2 8 4  
0 . 9 3 3  
0 . 8 4 5  
0 . 4 3 9  
0 . 3 9 3
0 . 0 1 4  
0 . 0 2 0  
0 . 0 1 2  
0 . 0 1 2  
0 . 0 0 4  
0 . 0 1 6  
0 .0 1 1  
0 .0 3 3  
0 . 0 0 0  
0 . 0 2 7  
0 .020  
0 . 0 1 6  
0 . 0 2 4  
0 . 0 0 9  
0 .013  
0 . 0 1 7  
0 .012  
0 .0 0 5  
0 . 0 1 8  
0 .020  
0 . 0 1 7  
0 . 0 0 5
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T a b le  9 .  ( C o n t ’d ) .
23 4 0  . 612 0  . 014
24 3 0 . 9 5 7  0 . 0 0 4
25 3 0 . 6 4 0  0 . 0 3 0
Table 10. P r e c is io n  D eterm inations fo r  Chondroitin  6 - S u l f a t e .
1
E x p e r im en t  Number o f  Mean O p t i c a l  Mean
Number R e p l i c a t e s  D e n s i t y  D e v i a t i o n
1 3 0 . 4 9 5 0 . 0 0 5
2 3 0 . 4 2 7 0 . 0 0 7
3 3 0 . 2 9 4 0 . 0 0 2
4 3 0 . 3 1 7 0 . 0 1 0
5 3 0 . 6 0 9 0 . 0 4 7
6 3 0 . 3 9 5 0 . 0 0 8
7 3 0 . 3 4 0 0 . 0 0 3
8 3 0 . 2 4 0 0 . 0 1 2
9 3 0 . 4 2 3 0 . 0 1 5
10 3 0 . 1 5 4 0 . 0 2 0
11 3 0 . 6 2 9 0 . 0 0 7
12 4 0 . 3 0 1 0 . 0 1 6
13 4 0 . 0 8 3 0 . 0 0 9
14 4 0 . 2 6 8 0 . 0 1 7
15 4 0 . 1 1 0 0 . 0 0 5
16 4 0 . 2 0 7 0 . 0 0 8
17 3 0 . 5 4 4 0 . 0 1 2
18 3 0 . 2 4 6 0 . 0 0 1
19 4 0 . 2 0 8 0 . 0 0 4
20 3 0 . 5 0 2 0 . 0 0 6
21 3 0 . 5 8 6 0 . 0 1 3
22 3 0 . 5 7 8 0 . 0 0 6
Absorbance.
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T a b l e  1 0 .  ( C o n t ’ d ) .
23 3 0 . 7 2 1  0 . 0 1 2
24 3 0 . 5 4 1  0 . 0 1 4
25 4 0 . 3 9 6  0 . 0 1 1
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Table 11.







D eterm ination o f  T o ta l  Glycosaminoglycan by Two Methods,
P r o c e d u r e Morgan P r o c e d u r e
6 . 4 5 7 . 5 6 1 . 1 1
6 . 9 5 7 . 1 1 0  . 1 6
4 . 6 2 4 . 7 4 0 . 1 2
4 . 7 0 4 . 1 9 0 . 51
6 . 2 7 7 . 2 9 1 . 0 2
3 . 9 1 4 . 3 7 0 . 4 6
5 . 6 1 5 . 5 8 0  . 54
4 . 0 5 5 . 0 4 0  . 9 9
6 . 5 9 6 . 5 0 0 . 0 9
5 . 6 3 5 . 3 3 0 . 3 0
7 . 8 3 8 . 2 2 0  . 3 9
5 . 5 0 5 . 3 8 0  . 1 2
5 . 0 5 4 . 7 5 0 . 3 0
4 . 5 1 4 . 1 7 0  . 3 4
5 . 5 5 5 . 7 3 0 . 1 8
120
B i o g r a p h i c a l  D a t a
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U n i v e r s i t y  o f  New Hampshire
K a t h l e e n  Dekker Curwen
J u l y  1 3 , 1 9 4 9
F a i r  Lawn, New J e r s e y
Immac ulate  H eart  Academy 
M or r is  C a t h o l i c  High S c h o o l
D a t e s  D e g ree
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1969 -  1971 B .A .
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Honors  or  Awards B .A .  awarded Summa Cum Laude 
N a t i o n a l  S c i e n c e  F o u n d a t i o n  Summer 
F e l l o w s h i p
N a t i o n a l  D e f e n s e  E d u c a t i o n  A c t  G rad uate  
F e l l o w s h i p
New Hampshire  Heart  A s s o c i a t i o n  P r e -  
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Sigma Xi
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P o s t i o n s  H eld
None
D a t e s
I n s t r u c t o r , B i o c h e m i s t r y , 
U n i v e r s i t y  o f  New Hampshire 1975 -  1976
